Organic synthesis in microreactors : development of continuous flow optimisation and scale-up strategies by Nieuwland, P.J.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/100595
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
Organic synthesis in microreactors: 
development of continuous flow 
optimisation and scale-up strategies
Uitnodiging
voor het bijwonen van de 
openbare verdediging van mijn 
proefschrift
Organic synthesis in 
microreactors: 
development of 
continuous flow 
optimisation and scale-up 
strategies
Woensdag 3 oktober
om 10:30
in de Aula van de 
Radboud Universiteit Nijmegen
Comeniuslaan 2 in Nijmegen
Pieter Nieuwland
p.nieuwland@gmail.com
paranimfen:
René Becker
Kaspar Koch
Pieter Nieuwland
Organic synthesis in m
icroreactors: developm
ent of continuous flow
 optim
isation and scale-up strategies           Pieter N
ieuw
land
  
Organic synthesis in microreactors: 
development of continuous flow optimisation 
and scale-up strategies 
 
 
 
 
 
 
 
 
 
 
 
 
Pieter Nieuwland 
  
  
The work presented in this thesis was conducted in the Synthetic Organic 
Chemistry and Bio-Organic Chemistry groups, Institute for Molecules and 
Materials at the Radboud University Nijmegen, Nijmegen, the Netherlands 
 
 
 
 
 
 
 
 
 
 
 
 
 
This research was carried out with financial aid from EUREGIO Rhine-Waal 
(Interreg IIIA). 
 
© 2012, Pieter Nieuwland 
ALL RIGHTS RESERVED. Any unauthorized reprint or use of this 
material is prohibited. No part of this thesis may be stored, reproduced or 
transmitted in any form or by any means, electronic or mechanical, including 
photocopying, recording, or by any information storage and retrieval system 
without express written permission from the author.   
  
Organic synthesis in microreactors: 
development of continuous flow optimisation 
and scale-up strategies 
 
 
 
 
 
Proefschrift 
ter verkrijging van de graad van doctor aan de Radboud Universiteit 
Nijmegen 
op gezag van de rector magnificus prof. mr. S.C.J.J. Kortmann, volgens 
besluit  
van het college van decanen in het openbaar te verdedigen op  
woensdag 3 oktober 2012 om 10:30 precies 
 
 
door 
Pieter Jos Nieuwland 
geboren op 21 juli 1981 
te Vroomshoop 
  
  
Promotores:  Prof. dr. ir. J.C.M. van Hest 
Prof. dr. F.P.J.T. Rutjes 
 
Manuscriptcommissie: Prof. dr. W.T.S. Huck 
Dr. J. Codée (Leiden University, The Netherlands) 
Prof. dr. A. Kirschning (Leibniz University of 
Hannover, Germany) 
 
Paranimfen: Kaspar Koch 
René Becker  
  
Table of contents 
 
Chapter 1 7 
General introduction 
 
Chapter 2 21 
The microreactor platform 
 
Chapter 3 43 
Flow markers in microreactors 
 
Chapter 4 63 
Fast optimisation and scale up of pyrrole synthesis 
 
Chapter 5 83 
Automated optimisation of Swern-Moffatt oxidation at elevated 
temperatures 
 
Chapter 6 113 
Where the future flows 
 
Summary 124 
 
Samenvatting 126 
 
Dankwoord 129 
 
List of publications 133 
 
Curriculum Vitae 136 
 
  
 
 
  7 
     
  
 
1. General Introduction 
 
Microreactor technology presents a highly controlled and sophisticated way to perform chemical 
synthesis. A background of the development of this novel technology is given in this chapter, 
and the intrinsic benefits of using microreactors and operating them in continuous flow mode 
are discussed. 
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Preface 
The work presented in this thesis was carried out within the Euregio Rijn-
Waal INTERREG IIIA project “Microreactors: Small devices for expanding 
markets”. In this multidisciplinary project organic chemists from Radboud 
University Nijmegen, process engineers and organic chemists from 
Wageningen University and Research Centre, and microelectronic and software 
engineers from Fraunhofer Institute IMS in Duisburg worked closely together 
to reach the project goals. 
The formal aim of this project was to ‘develop a prototype microreactor which will 
find broad applications in the food and pharmaceutical industry. The developed device will 
form the basis of newly created commercial activity within the Euregio.’ 
So far, two other PhD-theses have been published based on research 
conducted within this program 1,2. 
Part of the knowledge that emerged from the research project has been 
licensed by the company FutureChemistry Holding B.V.. This spin-off 
company was jointly founded by the author of this thesis and by co-founders 
Kaspar Koch, prof. dr. Floris P.J.T. Rutjes and prof. dr. ir. Jan C.M. van Hest. 
Parts of the technology presented in this thesis have been further developed 
within FutureChemistry and are now commercially available as off-the-shelf 
microreactor platforms and flow chemistry research services. 
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1.1. Background of flow chemistry and microreactors 
Organic synthesis has been one of the most successful disciplines of 
chemistry in the last two centuries. Truly amazing synthesis routes to natural or 
nature-inspired compounds have been designed and commercially 
implemented, in particular for pharmaceutical applications. Scientists have 
developed thousands of chemical methods to achieve specific transformations, 
thereby extensively expanding the chemical toolbox for the synthetic chemist3–
5. In the way organic synthesis is performed in laboratories, however, 
surprisingly little has changed since the early years of organic chemistry 
(Figure 1.1). 
 
Figure 1.1 Liebig’s famous laboratory in Giessen, Germany. Among the numbered characters are many of 
the most famous chemists of the nineteenth century. Number 13 is A.W. von Hofmann. From John Read’s 
Humour and Humanism in Chemistry, by courtesy of G. Bell and Sons, Ltd. 
This is in sharp contrast with developments in the field of process 
technology. A better understanding of heat and mass transfer processes has 
allowed chemical engineers to develop highly efficient industrial manufacturing 
methods, by carefully designing and controlling process steps and reaction 
parameters. Such an approach is typically lacking in chemical laboratories. In 
other words, chemical engineers are not involved in designing processes which 
10 
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are performed in the lab, and on the other hand synthetic chemists are not 
interested in engineering approaches to optimise their chemical processes. 
In the last decade, this situation has changed, as multidisciplinary teams 
are now concerned about synthesis issues and process issues at the same time. 
There is one particular device which has become an increasingly strong link 
between organic chemists and chemical engineers: the microreactor, which 
enables continuous flow chemistry. 
  
Figure 1.2 Computational simulation of concentrations from two liquids depicted as red and 
blue. Left: ‘teardrop mixer’, flowing from right to left; right: “F-mixer”, flowing from left to right. 
Mixers fabricated by Micronit Microfluidics BV, and characterised by McInnes et al.6 
While continuous processes are routinely used for bulk scale production, 
this way of performing chemical reactions has only become available to small 
scale manufacturing facilities and chemical laboratories since the emergence of 
microreactors. Early applications were initiated by enabling technologies such 
as metal micromachining, and wet etching of glass. Research and development 
focused mainly on enhancing process control on a miniature level, i.e. mixing 
(see e.g. Figure 1.2) and heat exchange performance, which have led to 
numerous intricate reactor structures optimised for production level 
synthesis7,8. With the recent implementation of these enhanced processes, it 
has also become more practical to bring flow chemistry down to laboratory 
levels: small microreactors have become available, as well as easy to use 
auxiliary equipment to control the microreactors (Figure 1.3). As a side note, 
microreactors have been historically referred to as ‘lab-on-a-chip’ devices, but 
this latter terminology is now more commonly used for microfluidic devices 
with integrated separation and detection functions, often with applications in 
life sciences. 
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Figure 1.3 Commercially available microreactor equipment. Left: FutureChemistry FlowStart; 
Right: Uniqsis FlowSyn. 
Now that microreactors and their supporting equipment have become 
widely available, the scope and limitations of applying these instruments for 
flow chemistry have become clearer. Numerous examples of chemical 
reactions have been published in the last decade9–12, and the benefits of flow 
chemistry are now becoming accepted in academia and industry for lab scale 
synthesis and fine chemical production.  
1.2. Flow chemistry: features and benefits13 
There are obvious differences between batch and continuous processing 
in chemistry. Batch processing of a chemical reaction is inherently non-linear. 
During the process of feeding reactants into a vessel, the reaction volume 
increases over time. Consequently, reaction conditions and mixture 
composition are constantly changing. Continuous processing is inherently 
linear, because stock solutions are introduced into a microreactor constantly at 
the desired molar ratio, reacting over the course of the microreactor volume. 
Thus, reaction time is defined by the position in the continuous system, 
12 
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whereas in batch chemistry the actual reaction time is defined by processing 
time in the batch vessel. 
In order to systematically approach a flow chemistry experiment, 
parameters can be divided into input parameters (reaction time, reaction 
temperature, molar ratio), intrinsic parameters (microreactor volume, 
stoichiometric ratios, concentrations of the used solutions) and output parameters 
(flow rates, microreactor temperature). In this approach, one chooses the input 
parameters and uses the intrinsic parameters to calculate the output parameters. 
The relations between the parameters are visualised in Figure 1.4. 
 
Figure 1.4: Flow chemistry parameters. Input parameters in blue, intrinsic parameters in green, 
output parameters in black. 
The molar ratio is defined by both flow rates, solution concentrations and 
the stoichiometric ratio between the reactants. The reaction time (or residence 
time) is defined by the microreactor volume, divided by the sum of flow rates 
through the reaction channel. 
While several review articles and commercial websites discuss more or less 
the same sets of benefits14–18, it is not always clear to what extent and in which 
case chemical processes can be improved by continuous flow processing and 
microreactor technology. Benefits follow from the two intrinsic properties of 
microreactors and continuous flow mode: small lateral dimensions combined 
with a steady state continuous situation lead to excellent control over chemical 
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processes 19,20 and operating in continuous flow therefore brings intrinsic 
benefits to the way of processing 21. Technological features and their benefits 
have been ordered in Scheme 1.1. 
 
Scheme 1.1: Benefits of continuous flow chemistry in microreactors 
Excellent control is enabled by much better heat and mass transfer in 
microreactors compared to batch stirred reactors, exploiting the intrinsic 
benefits of small dimensions of microreactor channels. This circumvents e.g. 
hot spot formation in reaction mixtures, preventing side reactions leading to 
undesired products, or dangerous thermal runaway situations. Final process 
benefits include higher safety, better yield and selectivity, hence product quality. 
Because reactions are well controlled, unusual and more extreme reaction 
conditions can be applied, mostly optimising towards short reaction times and 
thus increasing capacity. Highly exothermic reactions can for example be run 
at much higher temperatures, which is illustrated in Chapter 5 of this thesis 
and in several examples of flash chemistry in Figure 1.5.  
 
14 
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Figure 1.5: Several examples of flash chemistry, extremely fast reactions run in continuous flow 
at higher temperatures than in batch. Left: Br/Li exchange reaction with MeI22 giving much 
higher yields at 0° in flow than a batch process at -78°C, right: DIBAL-H reduction of an 
ester16,23. 
Numerous examples of reactions that benefitted from ‘novel process 
windows’, mostly accelerated reactions by dramatically increasing reaction 
temperatures, are shown in Figure 1.6 and discussed in literature 22,24–26. The 
general concept of novel process windows leading to economic benefits is 
elaborately discussed in a review by Hessel 27. 
          
Figure 1.6: Left: the Claisen rearrangement of allyl phenyl ether is an example of a flow reaction 
benefitting from a highly increased reaction temperature.25 Right: selective bromination of 
thiophene (degree of substitution could be tuned by molar ratio) is an example of a flow 
reaction run under solvent free conditions. 26 
Because the mode of operation is continuous, reaction parameters can 
readily be adjusted ‘on the fly’ during manufacturing operation 28. Continuous 
operation also enables coupling to other reaction steps 29, in-line analysis and 
process steps such as extractions. Also of interest is the integration of 
inherently compatible continuous technologies such as heterogeneous 
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catalysis30, photochemistry31 and electrochemistry. A most dramatic benefit, 
however, is seen in the ability to optimise chemical reactions in a small, 
laboratory scale microreactor set up32–37, and the subsequent scale up to larger 
flow reactors, while keeping identical process conditions 38–40. 
1.3. Flow chemistry: realistic impact 
Even though the benefits of microreactors and flow chemistry are clear, 
there are also some drawbacks of the technology. As liquids need to be 
pumped through tubing and channels, which are dimensioned sometimes at 
less than 50 µm in the case of microreactors, the chance of clogging is 
significant, so that solid particles should be avoided in the liquid flow system. 
This means that in small dimensioned microreactors, solids cannot be used as 
substrate or reagent, and that no insoluble product, side product or waste 
should be formed during the reaction. However, by careful design of the 
devices and process, solid particles can be processed as is shown in an example 
of the formation of iodomorpholine (Figure 1.7).  
 
Figure 1.7: Formation of solid iodomorpholine in a Coflore reactor41. 
Some scepticism about the benefits of flow chemistry has been raised 42. 
We feel, however, that the merits of flow chemistry should not be approached 
in a way that it is a technology that can replace all reaction environments, both 
in the lab and in the plant. It comprises a set of tools, complementary to but 
often compatible with existing processing techniques and hardware, having the 
power to intensify, integrate or just optimise chemical processes. This point is 
illustrated by a classification of reactions based on the potential benefits from 
flow chemistry, published by Roberge et al. 38. It is estimated that 
approximately 20% of all reactions in the pharmaceutical and fine chemical 
N
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IHIAgitating Coil Reactor
optimal flow setup
12 mL/min, 0.1 M
9 h gives 208 g
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3.88 kg/week
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industry can be improved by implementing flow chemistry. It is also worth 
mentioning that continuous processing was voted number one as key area in 
green engineering at the ACS GCI Pharmaceutical Roundtable 43, indicating 
that continuous processing is becoming a major focus for making processes 
more sustainable and cost-effective. 
1.4. Developments in flow chemistry 
In the early days of interest in microreactor chemistry, two major different 
flow modes were adopted: eleoctroosmotic flow44, using high voltages to drive 
liquids through channels, and pressure-driven flow, using external mechanical 
pumps to pump liquids through reactors. While the first method enjoys some 
benefits such as homogeneous residence times throughout the channels, 
mainstream technology nevertheless seems to have converged to pressure-
driven flow, mainly because of the applicability to a wide variety of liquids, 
avoiding the specific requirement of conductivity for electroosmotic flow. 
Even though pressure-driven flow is simple and flexible, it is not always 
accurate and should be carefully monitored in case flow rates are a critical 
parameter, as will become clear in Chapter 3. 
1.5. Scope of this research 
Flow chemistry as an engineering subject has received much attention 
during the last few years, describing process control, scalability etc. However, 
in order for the technology to become more accepted, the actual chemical 
reactions must perform well, and preferably even better than using 
conventional batch techniques. Therefore, a practical (plug-and-play) hardware 
set-up and approach is needed in the laboratory which can be readily applied 
and followed by any organic chemist, to evaluate, optimise, validate and 
possibly scale up chemical reactions in flow.  
This thesis aims to describe the development of an easy-to-use generally 
applicable platform for laboratory scale flow chemistry, and to prove the 
viability of this platform for fast screening and optimisation of continuous 
flow processes. 
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Chapters 245 and 346,47 detail the set-up developed in this project, and 
discuss a practical approach to quantitatively measure pressure-driven flow 
using flow markers. Chapter 448 gives an example of chemical reactions which 
benefit from being executed in a continuous flow manner. Furthermore, a 
standard protocol starting with flow design and optimisation and ending with 
scale up is highlighted. In Chapter 549, an optimisation of a reaction run far 
above normal operating temperatures is discussed. 
Major technical developments in process automation and analysis have 
been recently achieved28,50. The pace of developing new techniques and 
applications for flow chemistry is currently very high. An overview of novelties 
and an outlook for this promising technology is given in Chapter 6. 
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2. The microreactor platform 
 
One of the benefits of operating microreactors in continuous flow is the intrinsic suitability for 
automated reaction optimisation. By simply changing flow rates and temperature, all major 
reaction conditions can be screened. In this chapter, all technical aspects of a fully automated 
reaction optimisation set-up are presented. Solutions for temperature control, fluidic 
connections and integration with automation hardware are discussed. 
22 
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2.1. Introduction 
Traditionally small scale reactions are performed in a batchwise fashion. 
However, as discussed in Chapter 1, microreactors are intrinsically more 
suitable for synthesis in small volumes and offer many advantages with respect 
to temperature and flow control, as well as intrinsic safety. A microreactor is 
regularly operated in a continuous flow mode. The most basic design of such a 
continuous flow microreactor is comprised of a mixer placed on two inlet 
tubes, and an outlet tube in which the reaction takes place after effective 
mixing. The mixer can be a simple T-junction or a microstructured device as 
described in Chapter 1.  
Numerous examples of flow-through microreactors are known in 
literature and are commercially available. For the research described in this 
thesis it was necessary that the continuous flow microreactor would be optimal 
for reaction optimisation and data generation. It was therefore mandatory that 
a broad range of synthesis reactions could be investigated; flow rates had to be 
controlled accurately to determine important reaction parameters such as 
reaction time and reagent stoichiometries; a facile and reliable temperature 
control unit had to be present in order to perform reactions at different 
temperatures; furthermore, outflowing mixtures had to be collected for 
analysis (Figure 2.1). 
Careful analysis at the time of the start of the project showed that most of 
the available microreactor platforms had relatively high internal volumes, 
making them less suitable for reaction screening and small scale experimenting. 
The small volume reactors that were commercially available were limited with 
respect to liquid interfacing and control hardware.  
We therefore envisioned that the optimal microreactor platform for our 
research purposes would combine a small volume microreactor with 
(automated) control and interfacing hardware. Since this platform was not 
available, we had to design and construct such a platform ourselves.  
 
  23 
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Figure 2.1: Schematic overview of the desired configuration of a microreactor platform suited 
for reaction optimisation  
This chapter will discuss the choices made, the technical development of 
this microfluidic platform, the problems and solutions emerging from it, and 
the relation to the synthesis experiments discussed in the following chapters. 
2.2. Choices and specifications  
2.2.1. Material 
A wide variety of materials are commonly used for microreactors, 
including silicon, glass, stainless steel, ceramics and polymers. Borosilicate glass 
was chosen for the platform for a number of reasons. The first reason is that 
glass is a material familiar to organic chemists. Its relative chemical inertness 
makes it suitable for organic chemistry. Second, glass can be easily shaped to 
the desired design by wet chemical etching1. Therefore, relatively complex 
layouts and geometries of microchannels are readily available. Third, and not 
unimportantly, glass is a material transparent for light in the visual region, 
which makes it possible to observe mixing processes and possible particle 
formation using optical microscopy. 
Sample collection
Flow A
Quench
Pumps
Microreactor and heater
Flow B
Microreactor
interface
power A A
GC analaysis
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2.2.2. Pumping liquids: EOF or pressure driven? 
For moving liquids in microreactors in a continuous fashion, two methods 
are widely used: mechanical pumping (pressure driven flow) and electro-
osmotic flow (EOF). EOF has several advantages; it is a relatively simple 
technique which does not put high requirements on the fluidic parts in terms 
of pressure.1 Additionally, a homogeneous flow distribution due to a straight 
flow profile is obtained, in contrast to the parabolic profile of pressure driven 
flows. However, EOF also has some drawbacks. When EOF is employed the 
liquid to be moved must be electrically conductive. Typically, most reaction 
mixtures in chemical syntheses are not or only marginally conductive,2 meaning 
that the choice of solvents is limited or an additive is required, i.e. a salt soluble 
in organic solvents. The latter is not desirable as these additives (present in 
fairly high concentrations) could interfere with reactions, limiting the versatility 
of the system for chemical synthesis. Therefore mechanical pumping was the 
method of choice. 
2.2.3. Parameter choices 
The main parameters for a synthesis reaction are reaction time, reagent / 
reactant stoichiometry, main reaction concentration and temperature. By 
controlling the flow rates of all reaction components, reaction time and 
stoichiometries can be regulated. By adding a dilution step into the mixing 
process, also the main reaction concentration can be set. In order to change 
these parameters adequately a pumping system with a high level of accuracy in 
flow rate therefore had to be employed. Temperature control will be discussed 
in the next paragraph. 
2.2.4. Temperature control 
In chemical reactions, temperature is one of the most critical parameters. 
Microreactors can in principle offer very exact control over temperature. In 
contrast to traditionally heated round bottom flasks, temperature can be 
controlled within 1 degree Celsius throughout the whole reactor, even if 
extremely exothermic reactions are performed. This is due to the high surface 
  25 
  The microreactor platform 
  
 
to volume ratios and to the low volumes of fluids, having an almost negligible 
heat capacity compared to the mass of the glass chip.3 
In order to control reaction temperature, several options were considered, 
including local internal heating using heating wires integrated into the 
microreactor, external heating of the microreactor chip by e.g. resistive heating, 
thermoelectric heating or even microwave, and completely submerging the 
microreactor into a thermally controlled fluid.  The advantage of the latter 
method is that all desired temperature levels can easily be reached by choosing 
the correct liquid and heating system, and the actual temperature range is only 
limited by material choices of the microreactor and liquid interfacing. Although 
this method has sometimes been used in this research, it was found hard to 
combine with automation methods. Therefore, planar structures in contact 
with the microreactor’s surface such as resistive heaters and thermo-electric 
elements were developed. 
2.2.5. Sample treatment and analysis 
Some analysis techniques offer real-time chemical information concerning 
reaction intermediates and products and are therefore referred to as being on-
line, while others have a time delay between performing a reaction and 
receiving the information. Real-time techniques include UV/Vis spectroscopy4-
6, infrared spectroscopy,7 Raman spectroscopy8, 9 and Thermal Lens 
Microscopy.10-12 Although having the benefit of a quick response to changing 
parameters, these techniques are generally quite limited in selectively detecting 
compounds in a generic way. Chromatographic methods such as conventional 
HPLC-UV and GC-FID can be much more generally applied to most 
synthesis reactions for quantitative determination of reaction yield, conversion 
and selectivity.13 These off-line characterisation techniques were therefore 
preferred. 
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Figure 2.2: Overview of development parts of the microreactor platform, a) microreactor chip, 
b) chip holder, c) heater, d) outflow needle, e) fluidic interfacing, f) pumps, g) system controller, 
h) robot.  
After reaction has taken place inside the microreactor, the continuous 
outflow must be collected and analysed in order to collect the data required for 
reaction optimisation. Because of the greatest flexibility, GC-FID and GC-MS 
using standard equipment were employed. Initially, collection of outflowing 
fluid (effluent) was performed manually. Later, automated methods were 
developed which are discussed in section 2.3.5. 
2.3. Development of the platform: part by part 
Based on the abovementioned considerations an automated microreactor 
platform setup was designed and constructed which consisted of several parts: 
the microreactor itself, the direct fluidic interfacing of the reactor chip, the 
temperature control hardware, the pumps, general control hardware and 
software and auxiliary fluidic parts (Fig. 2.2). All of these parts, along with their 
development challenges, are described in the following subparagraphs. 
Microreactor
interface
power A A
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e
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d
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2.3.1. Microreactor design considerations 
The microreactor chips were fabricated from borofloat glass by Micronit 
Microfluidics BV, Enschede, the Netherlands. The general manufacturing 
consisted of etching channels into a bottom plate and then bonding it onto a 
top plate fitted with powder blasted holes for connections to the fluidic tubing.  
 
Figure 2.3: Overview of microreactor chip dimensions and inlet placing.  
Several channel layouts and etch depths were used in this project. Channel 
layouts can be designed practically arbitrarily; there are only minor restrictions 
regarding inlet layout (see Figure 2.3) and final chip stability. Therefore 
complex mixing stages and long channels to create inherently long residence 
times could be employed. Also, introducing more than two reaction liquids in 
one microchannel could be easily accomplished. 
Channel dimensions 
Choosing the correct channel depth was an important design parameter. 
On the one side, smaller channel dimensions mean higher benefits from the 
micrometer reaction environment, as described in chapter 1. On the other side, 
smaller channel depths also mean higher chances of particle clogging and 
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reactor failure, and, furthermore, the diameter of a channel determines back 
pressure of the reactor according to the Hagen-Poiseuille law for flow 
behaviour under laminar flow conditions: 
∆ܲ ൌ ଷଶఎ௩௅ௗమ  (1) 
in which ΔP is the back pressure in Pa, η the dynamic viscosity in Pa·s, v the 
average flow speed in m·s-1, L the tube’s length in m, and d the diameter in m. 
This law describes back pressures in circular channels or tubes. The channels 
fabricated through wet etching, however, do not have a circular geometry; the 
actual cross section is nearly semicircular as shown in Fig 2.01. The diameter d 
can be replaced by the hydraulic diameter, dh, calculated from the cross-
sectional area A and the circumference U, which can be converted to the 
known values of etch depth (h) and mask width (w): 
݀ ൌ ସ஺௎ ൌ
ଶగ௛మାସ௛௪
గ௛ାଶሺ௛ା௪ሻ (2) 
The initial designs contained channels with a depth of 20 µm. Although in 
principle this gives channel dimensions which enhance efficient diffusive 
mixing, problems were observed in numerous experiments, clogging in 
particular. Furthermore, the high back pressures of the long, 20 µm deep 
channels proved to be a limiting factor in the applicability, as only low flow 
rates could be applied. An intermediate design series (‘Apollo’ and 
‘Hephaistos’) proved that a higher etch depth of 30 µm already enhanced 
applicability and handling. In the final design series, a depth of 52 or 55 µm 
was chosen. 
A detailed description of each design can be found in the chapter in which 
the design is used. In Table 2.1, an overview of all chips together with relevant 
data is shown.  
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Table 2.1: Overview of chip design characteristics 
Chip 
name*) 
Channel 
designation
Channel 
volume 
Channel 
length 
Etch depth Example 
back 
pressure **) 
  µL mm µm 105 Pa 
1 A 0.060 22.8 20 0.78 
 B 0.482 330.0 20 11.26 
2 A 0.569 389.7 20 13.31 
 B 1.335 709.0 20 26.30 
3 A 0.077 28.7 20 0.65 
 B 0.085 20.5 20 0.47 
Hestia single 2.384 1271.8 20 32.75 
Zephyr short 0.094 52.2 20 1.78 
 long 0.982 641.5 20 21.89 
Demeter short 0.100 41.5 20 1.07 
 long 0.853 391.5 20 9.46 
Apollo short 0.671 210.2 30 1.56 
 long 1.330 426.6 30 3.17 
Hephaistos single 3.898 1015.9 30 8.99 
Artemis short 0.142 29.8 52 0.07 
 long 4.194 877.4 52 1.99 
Hera single 7.335 661.0 52 0.65 
Herakles single 7.250 653.4 52 0.64 
Ariadne short 0.140 26.4 55 0.05 
 long 7.025 1325.0 55 2.43 
Helena section 1 0.144 27.1 55 0.05 
 section 2 0.624 117.7 55 0.22 
 section 3 6.190 1167.5 55 2.14 
*) Design drawings attached in Appendix A; here given in chronological design order. All 
designs use mask widths of 10 µm 
**) Water, total flow of 10 µL/min 
Chip layout 
When a continuous flow reaction is performed inside a microreactor chip, 
the volume of the space inside which the reaction actually takes place, 
determines the reaction time, together with flow rates. Thus, if reaction time is 
a critical parameter in a reaction, it is very important to know this particular 
volume. Furthermore, in order to clearly define this volume, it is necessary to 
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stop the reaction, e.g. by quenching reagents. When a simple Y-shaped mixer is 
considered, as drawn in Figure 2.4, left, it is obvious that the total reaction 
volume comprises not only channel volumes, but also flushed volumes of both 
the fluidic connection and the outflow needle. These volumes are not 
accurately known and are typically in the same order of magnitude as the 
microchannel itself or even larger. Therefore, a channel layout enabling on-line 
quenching via an additional inlet channel was designed (Figure 2.4 right). 
Channel volumes as indicated in Table 2.1 are based upon calculation, using 
etching depth and expected channel geometries. 
 
Figure 2.4: Schematic representation of a simple Y-mixer (left) and a Y-mixer equipped with an 
additional inlet for quenching agents (right) 
In later designs, a higher number of inlets were employed providing 
additional mixing facilities. The Helena design, for example, includes five inlets 
and one outlet. 
Mixers and channel joints 
All experiments in microreactors presented in this study took place in the 
laminar flow regime, flows having a maximum Reynolds number of around 
200. Although typically Y-shaped mixers are employed in many studies, the 
angle of the fluids joining is not very relevant as in the laminar flow regime 
mixing time is solely dictated by diffusion time. Both small angled (Y-shape) as 
reaction volume
reaction
volume
A
Quench
Quench
OutOut
Needle B
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well as straight angled (T-shaped) mixer have been employed and incorporated 
into chip layouts.  
All mixers were designed with simple geometries, all three channels (two 
inlets and one outlet) having roughly the same widths and depths, except for a 
special quench mixing unit. This unit was directed at reaction quenching, 
during which there was a chance of particles being formed. By increasing the 
width of the channel from the quenching unit to the outlet flow connection, 
the chance of clogging by particles being formed during quenching was 
reduced (Figure 2.5). 
 
 
Figure 2.5: Schematic representation of the special quenching outflow structure to prevent 
clogging from particles formed 
Two-phase flow channel structuring 
For parallel two-phase liquid flows, special liquid interface stabilizing 
channel geometries were employed, including guide structuring, serial 
placement of pillars and two-depth channel etching. These structures will be 
described in more detail in Chapter 3. 
2.3.2. Fluidic interfacing 
In order to be functional for chemical synthesis, the glass microreactor 
chip needed to be interfaced onto a fluidic control environment. In first 
instance a commercially available interfacing device (Micronit Microfluidics 
BV), or chip holder, was used which was based on a relatively simple principle: 
ends of fluid capillaries were placed into a special conical ferrule (Figure 2.6).  
The bottom conical end fitted into the connection ports of the chip, 
having a similar but negative conical shape. All capillaries were fed through a 
reaction mixture
outlet
quenching agent
quenching agent
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top plate, which applied pressure onto the tops of all ferrules at the same time. 
The general force of the top plate onto all ferrules was regulated by screws. 
The pressing force on top of the ferrule formed a fluid tight connection both 
between the ferrule and the chip, and between the ferrule and the capillary. 
Although this principle was successfully used in several experiments, after 
regular use of the ferrules, the elastomeric material lost its elasticity. This led to 
varying overall heights of the ferrules and uneven distribution of pressure from 
the top plate onto the ferrules, eventually leading to leaking fluidic connections 
(Figure 2.7 c and d).  
This led to the design of a new chip holder with individually controlled 
forces on each ferrule. The small holes through which capillaries were fed were 
modified to threaded holes, which could accommodate hollow bolts. These 
hollow bolts could be individually adjusted to exert the desired force on each 
ferrule (Fig. 2.8 and Fig. 2.7e).  
Although this principle led to better leak-tight performance, wear of the 
elastomeric ferrules at the conical interface was observed after a small number 
of experiments (typically 4), presumably due to the grinding effect of the 
powder-blasted entry holes. Furthermore, establishing connections using the 
flexible ferrules proved to be tedious and unreliable, as an incorrect positioning 
of the ferrule relative to the capillary led to blocking of the connection (Fig. 
2.7a and b).  
To overcome these problems, another commercially available connection 
was implemented into the chip holder design (Figure 2.9). Instead of using 
flexible ferrules fitting into the chip’s conical holes, a rigid ‘flat bottom ferrule’ 
connection was chosen. Rigid tubing such as stainless steel or PEEK with an 
external diameter of 1/16” (1.59 mm) was fitted with the ferrule consisting of 
a PEEK bottom contact ring and a conical stainless steel compression ring. 
The flat bottom of the ferrule was directly placed on top of the microreactor 
glass plate surrounding the conical hole. 
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Figure 2.6: A cross section (left) and a photographic image (right, with chip on the bottom and 
top part of the chip holder on top) of a ferrule connection in the commercially available 
Micronit chipholder 
 
Figure 2.7: Cross section of ferrule connections: (a) blocked due to ferrule closing off the end, (b) 
blocked due to capillary touching bottom of connection hole, (c) leaking due to space between 
capillary and ferrule, (d) leaking due to space between chip and ferrule, (e) newly designed 
individual screw connection. 
 
Figure 2.8: Photographic images of individual screw connection, with the bottom part of the 
screw and the ferrule (left) and the top part with capillary (right) 
Capillary
Chip holder
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The flat bottom ferrule connection was subjected to a leak test, in which 
the ferrule / tubing assembly was screwed into the chip holder fitted with a 
microreactor chip. Subsequently, the pressure on the connection was regulated 
with an HPLC pump, using acetonitrile as a liquid. When the ferrule was 
sufficiently tightened, no leakage was observed. The weakest part of the 
microreactor system proved to be the glass chip itself, since between 10 and 15 
MPa the microreactor yielded, typically with a fracture line in the length axis of 
the chip. The stability of the microreactor system up to 10 MPa was 
considered sufficient for normal chemical reaction conditions. 
Apart from the fluidic connections themselves, the mechanical design of 
the chipholder was also changed. The two-piece principle was replaced with a 
one-piece principle; instead of having to enclose a microreactor chip with a 
bottom plate and a top plate, the chip was easily slid in from one side of the 
holder. Then, the flat bottom ferrule connections fixed the microreactor chip 
mechanically in the correct position (Fig. 2.10). Apart from this setup being 
less time-consuming in establishing fluidic connections, the design was much 
more compact and left room for additional modules such as heating and 
sensing devices.14 
2.3.3. Temperature control 
Another key part in the development of the microreactor platform proved 
to be the temperature control unit. Preliminarily, the focus was set on a 
controllable range from room temperature to 100 °C. To achieve this, a simple 
but efficient heater was engineered into the abovementioned custom-designed 
chip holder. Two electrical heating elements were placed on top of the 
microreactor inside the chip holder and between the two fluidic connection 
groups (Figure 2.11). Between the two heaters a Pt1000 heat sensitive resistor 
was placed. The heaters were controlled by an external electronic control 
board, which was coupled to a personal computer. The temperature sensor 
read back was directly coupled through a PI-feedback loop to the heater. By 
this, a quick and accurate heating could be achieved. However, because of the 
close distance between heater and sensor an inaccuracy of at least 3 °C was 
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observed. Additionally, the heating elements in this setup were examined more 
closely in terms of heating efficiency and homogeneity.  
 
Figure 2.9: Cross section of newly designed chip holder and flat bottom ferrule connection 
 
Figure 2.10: Comparison of cross sections of chip holders with their respective connections, both 
drawn on the same scale; a) microreactor chip, b) original chip holder, c) 0.38 mm capillary, 
d) newly designed chip holder, e) 1.59 mm stainless steel tubing 
 
Figure 2.11: Photographic image of the bottom side of top part of a heated chip holder. The 
small copper square is the resistive heater itself, as indicated in the magnification. 
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It was found that because the heating elements only worked in the centre 
part of the chip, the outside parts remained significantly colder, e.g. 3 °C lower 
in temperature when the centre part was heated to 30 °C (Figure 2.12). This 
observation can be attributed to the relatively low thermal conductivity of 
borosilicate glass (approx. 1 W/m·K; stainless steel has a conductivity of 16.3 
W/m·K). Since in particular for long reaction times the full area of the chip 
had to be exploited, this inhomogeneity was clearly undesired.   
A more homogeneous way of heating, along the entire length of the chip, 
was accomplished by applying a commercially available heating foil at the 
bottom side of the chip. Due to its transparency, it met the requirement of 
optical inspection; the foil consisted of a polymeric strip with very thin 
embedded copper wires. Experiments with different layouts of the wires and 
resistances led to an optimal design of the heating foil. Simulations performed 
by Fraunhofer IMS in Duisburg showed that only minor temperature 
deviations of 1-2 °C were present at temperatures around 80 °C (Figure 2.13).  
The heating foil was placed onto a glass supporting substrate underneath 
the microreactor chip, so that the flexible element was sandwiched between 
the glass substrate and the microreactor chip (Figure 2.14). At the bottom of 
the glass substrate a temperature sensor was mounted. Temperature control 
through temperature sensors and the automatic feedback loop was improved 
by adding two heat sensitive resistors at the top of the chip, on the opposite 
side of the heater. The readout of the top sensors and the bottom sensor could 
be combined to approximate the actual temperature inside the microreactor 
channel.  
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Figure 2.12: Simulation of temperature distribution with initial design of heating foil. 
 
Figure 2.13: Temperature distribution of optimal heating foil design. White dashed line depicts 
border of the microreactor chip.  
 
Figure 2.14: Chip holder incorporating heating foil. Stack of support glass, foil and microreactor 
chip are shifted off set from the holder for a better view. 
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In case not only heating but also cooling below room temperature was 
required, a thermoelectric (Peltier) element was engineered. Instead of the 
heating foil / glass substrate combination, an assembly of a Peltier element, a 
heat sink and an aluminium conductive plate was placed at the bottom side of 
the microreactor chip (Figure 2.15, left). The Peltier element was sandwiched 
between the heat sink and the conductive plate (Figure 2.15, right), so that heat 
could be extracted from the conductive plate and drained towards the heat sink 
equipped with two fans, thereby cooling down the microreactor chip. If 
heating was required, the polarity of the Peltier element was switched, 
reversing the effect. In order to control the temperature, the same temperature 
sensors, computer interface and software could be used as for the heating foil 
assembly. The cooling capacity of a thermoelectric element is limited and 
depends on a large number of factors such as the Peltier element’s geometry, 
the current used and the efficiency of the heat sink. The possible temperature 
range reachable with this configuration was between 0 and 90°C. 
2.3.4. Fluid delivery: pumps and tubing 
Several options to realise a pressurised flow were considered. A 
reciprocating pump such as a standard HPLC pump has the advantage that its 
mode of operation is continuous. However, these commercially available 
pumps typically have flow rates down to 0.1 mL/min, much too high for the 
application of reaction screening in microreactors with typical volumes of less 
than 6 µL. Moreover, their pump heads are vulnerable to salt clogging and 
corrosion. Other small continuous pumps exist, but they are fairly limited in 
terms of maximum pressure (typically up to 0.8 MPa). Syringe pumps are 
widely used in the microreactor field. These systems are fairly simple and 
flexible: a good quality syringe is placed into the pump, and a threaded screw 
actuator pushes the plunger forward. The relatively simple syringe pumps from 
NewEra, type NE-1000 or NE-500 were employed. High pressure stainless 
steel syringes met high pressure requirements better than more typically used 
gas tight glass syringes. 
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2.3.5. Integration with sample robot 
Effluent collection initially was performed in a manual way: the out flow 
tube was placed in a vial for a certain period of time, after which it was 
removed and placed into a waste container. After new reaction settings were 
established and the system was stabilised, a new sample vial could be filled 
with reaction mixture (Figure 2.1).  
 
Figure 2.15: Peltier element system with heat sink. Complete system with chip holder (left) and 
stack of heat sink, peltier element and heating viewed from the side (right). 
 
    
Figure 2.16: Robot arm with adapter and chip holder; image of the automation subsystem used 
in experiment (left) and a schematic representation (right).  
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Figure 2.17: Software to control fully automated reaction optimisation set-up. Software 
developed by Fraunhofer IMS.  
Because in later experiments large numbers of different reaction settings 
resulted in an equally large number of samples, the process was automated. A 
Cartesian robot, normally designed to carry out automated experiments in 
batch mode, was adapted to fit the microreactor holder and other hardware. 
Because the microreactor setup typically employs low flow rates, low hold-up 
volumes are preferred. Therefore, the flushed volume between the end of the 
reaction channel and the collection had to be minimised. In order to 
accomplish this, the microreactor holder was mounted directly onto the 
moving xyz-arm. Newly designed mechanical parts were added and existing 
robot parts were replaced by custom built parts (Figure 2.16). To control all 
parts of the system including pumps, temperature control and robot 
movement, an easy to use software interface was needed. Therefore, a 
proprietary program was developed by Fraunhofer IMS which could run 
experimental sequences in a completely automated way (Figure 2.17). 
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2.4. Concluding remarks 
We were able to build up a microreactor platform capable of performing 
chemical reactions in a controlled fashion, while maintaining chemical 
flexibility by employing generally chemical resistance materials and using 
widely applicable techniques. Furthermore, we were able to automate the 
control parameters over the reactions and thus have a platform ready to 
perform screening and optimisation studies in an automated fashion. 
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3. Flow markers in microreactors 
 
Microreactors have found widespread use for continuous flow synthesis and reaction 
optimisation. Flow rates are critical factors with respect to the latter applications because they 
are used to set screening parameters such as reaction time and stoichiometric ratios. However, 
the set flow values of pumps for nano- to microliter volume reactors are quite often 
insufficiently accurate. In this chapter a generally applicable chromatographic method to 
analyse flow rates during microreactor reaction screening is presented. By adding flow markers 
to all reactant and reagent flows and performing conventional GC analysis on all samples, an 
accurate flow rate was calculated. The deviation between the set flow values and the measured 
flow rates was shown for a standard continuous flow experiment. The implications of this 
deviation for reaction optimisation were demonstrated via a model Swern-Moffatt oxidation 
reaction, showing that accurately measured flow rates are critical for correct data 
interpretation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter was published as 
 
“Flow markers in microreactors: a generally applicable chromatographic 
method for monitoring flow rates during reactions” 
 
P. J. Nieuwland, K. Koch, J. C. M. van Hest, F. P. J. T. Rutjes, The Open 
Chemical Engineering Journal. 2010, 4, 61-67. 
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3.1. Introduction 
The interest in using microreactors for synthesis has increased enormously 
in recent years.1-6 Traditionally, the emphasis has either been on the production 
of chemicals in microstructured flow reactors, which has several benefits over 
conventional batch reactions, or on rather specialised and novel reaction 
processes on a very small scale.7, 8 Scaling up, or scaling out using microreactor 
setup multiplication, has been an additional particular subject of investigation.9 
Surprisingly, few examples exist on the application of microliter or nanoliter 
volume reactors for optimisation purposes, in particular for reactions that are 
commonly used in synthesis laboratories.10 
In Chapter 2, a microreactor platform for continuous flow synthesis was 
presented. This platform uses pressure driven flow, like many other systems 
discussed in literature. Most of these systems consist of syringes loaded on 
syringe pumps and connected to a microreactor via tubing. In such a 
continuous flow system, reactants and reagents are continuously pumped into 
the microreactor and a stable outflow of starting material, products and 
possibly by-products is obtained. Typically, the flow rates in combination with 
the reactor’s internal volume determine parameters such as reaction time and 
reagent stoichiometry. Since these parameters are often subject of the 
investigation (e.g. in the optimisation of a reaction), it is crucial to exactly 
control and know the flow rates. 
In most studies that have been published, it is not clear how flow rates 
were measured; most probably they were based on the set flow values. As will 
be presented in later chapters, we carried out several reactions using a 
pressure-driven microreactor system with syringes and syringe pumps, and 
experienced that these pump settings are not reliable. Possible causes of flow 
rates deviating from set flows are amongst others lack of calibration of the 
syringe pump itself, high backpressure built up in the system, syringes suffering 
from static and dynamic friction (causing jerky motion of the syringes’ 
plungers), and undetectable leaking of connectors.  
  45 
  Flow markers in microreactors 
  
 
We therefore created a protocol to measure the average flow rate during 
each experiment, resulting in intrinsically reliable flow data. As a result, the 
observed data can be reproduced on other micro systems, which currently is 
often not possible. Once the exact optimal parameters are identified, the 
reaction can be directly translated into either larger scale continuous flow 
systems or into conventional preparative synthesis. In the current chapter we 
present the development of this flow marker protocol. A case study on 
reaction optimisation is included that clearly illustrates the discrepancy in 
results that otherwise might exist, demonstrating the importance of being able 
to accurately determine flow rates. 
In principle, very low flow rates typically required for conducting our 
experiments, often as low as 0.5 µL/min, can be continuously monitored either 
internally by using flow meters or externally using micro Particle Image 
Velocimetry (µPIV). These methods, however, present the experimenter with 
some challenges. All available microflow meters are based on the thermal 
principle, and hence must be calibrated according to the thermal properties 
and thus chemical composition of the reaction mixture. This is not practical 
for reaction optimisation because compositions rapidly change between 
experiments and even within experiments. Furthermore, µPIV cannot be 
regarded as a generally applicable method for synthesis monitoring because 
extensive optical equipment and typically fluorescent particles are required.11 
Some techniques offer real-time information on the results from the 
outflow, while others have a time delay between performing a reaction and 
receiving the information. Real-time techniques include UV/Vis 
spectroscopy,12-14 infrared spectroscopy,15 Raman spectroscopy,16, 17 and 
Thermal Lens Microscopy.18-20 Although having the benefit of a quick 
response to changing parameters, these techniques are generally quite limited 
in selectively detecting compounds in a generic way. Chromatographic 
methods such as conventional HPLC-UV and GC-FID can be much more 
generally applied to most synthesis reactions for quantitative determination of 
reaction yield, conversion and selectivity.21  
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During our reaction optimisation experiments we efficiently acquire 
chromatographic data for each sample through standard automated methods. 
We reasoned that these analyses could easily be combined with flow rate 
monitoring. When a certain ´flow marker´, i.e. an internal standard, is added to 
each fluid and another internal standard is added to the dilution fluid in the 
collection samples, the average flow rate can be readily calculated by 
chromatographic ratios and calibration curves (Figure 3.1).  
 
Figure 3.1 The concept of flow markers. Two fluids containing a known concentration of 
different flow markers are continuously pumped through the microreactor with flow rates that 
determine reaction time and stoichiometry. When mixed with an internal standard in the 
collecting vial, the amount of flow marker and thus the flow rates can be accurately measured. 
In order to do so, a simple equation is needed. To start with, the volume 
of a certain liquid marked with a flow marker, Vflow, can be defined as follows 
as a function of the flow rate QA and the duration of the collection into a vial, 
tcoll: 
collAflow tQV ][  (1) 
The actual end concentration of the flow marker in the mixture of the marked 
liquid and the dilution fluid in the collection sample, [MA], can be calculated 
from the known stock concentration of flow marker in the marked liquid [MA]0, 
the collected volume Vflow and the known volume of the dilution fluid Vcoll: 
collflow
flowA
A VV
VM
M 
0][][  (2) 
Internal standard
Flow marker A
Flow marker B
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When eqn (1) is substituted into eqn (2), the flow rate QA can be calculated: 
 ][][
][
0 AAcoll
collA
A MMt
VM
Q 
  (3) 
If the flow markers are carefully chosen, they do not interfere with the 
chemical reaction and can be adequately separated by HPLC or GC (Figure 
3.2). Due to the chromatographic separation, accurate quantification is easily 
realised. Because the method is integrated into existing chromatographic 
analysis, flow rate data are obtained without additional effort. In order to 
quickly and efficiently select correct flow markers, retention time libraries can 
be used. 
 
Figure 3.2 A gas chromatogram of a typical microreactor sample containing flow markers. The 
flow markers have been selected in such a way that they do not interfere with the quantification 
of the reaction components.  
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3.2. Results and discussion 
Table 3.1 A Selection from the Experimental Setup for the Flow Measurement Experimenta 
Set flow A Set flow B  Residence 
time 
Waste time Sampling 
time 
µL/min µL/min min minb min
66.67 33.3 0.048 0.60 0.75
3.25 1.62 0.977 12.3 15.39
52.22 47.8 0.048 0.42 0.96
8.52 7.80 0.292 2.57 5.87
4.66 4.26 0.534 4.69 10.74
2.54 2.33 0.977 8.59 19.65
a The complete data set can be found in Table 3.4 and Table 3.5 of the Experimental Section. Solution of 
flow markers A and B, 1,2-dichlorobenzene and 5-bromo-m-xylene, respectively, in CH2Cl2 (2% v/v). b After 
setting the appropriate flow rate, the outflow needle was placed in a waste container. 
 
In order to evaluate the flow rate accuracy of the microfluidic system, an 
extensive flow test experiment was carried out. Two syringe pumps connected 
to a simple mixing chip delivered stock solutions of flow markers. The flow 
rates of the pumps were varied according to the values depicted in Table 3.1, 
while samples were being taken for an exact amount of time. In order to 
simulate flow parameters in a real reaction kinetics experiment, the set flow 
rates were calculated from linear arrays of ratios (typically determining reagent 
stoichiometry) and residence times. Both parameters were sampled at 
exponential intervals. Then, the concentration of the flow markers relative to 
the concentration of the internal standard was determined by GC-FID, and the 
amount of both fluid A and B collected into the sample vials was calculated. 
Finally, based on the known internal volume of the microreactor, the actual 
flow rates were determined. Because this method calculates the average flow 
rate over the time of sample collection, these data can be directly used to 
calculate residence times and stoichiometric data. 
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Figure 3.3 Histogram of flow deviations of the flow check experiment for both flow A and B. 
Figure 3.3 shows the results as a histogram plot. It is clear that the 
majority of screening points have a minor deviation, but there are data points 
at which the actual flow rate is quite different from the set flow rate. The 
differences between the measured and set flow rate can also be shown as a 
vector plot (Figure 3.4). The average differences are –7.5% for flow A and –
6.3% for flow B, with standard deviations of 9.6 and 9.7%, respectively, 
indicating a significant systematic error. The histogram shows a relatively 
narrow distribution, with most data points between –12 and +4% deviation, 
however, there are some outliers present. 
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Figure 3.4 Flow deviations in a test experiment. Deviations are shown as vectors in an x/y-
matrix in which x-values represent the residence time in the chip, and y-values represent the 
ratio between fluid B and A. The arrows’ starting points represent the theoretical, or set values, 
the endpoints represent the values calculated from GC responses. 
The relative errors of this method must be brought into consideration. 
Typically, measurement inaccuracy consists of errors in the volume of 
collection fluid, sampling time and calibration of the GC method, resulting in a 
typical error value of 2% relative to the calculated flow rate. Therefore, flow 
deviations discussed above can be regarded as being significant. 
From this validation experiment it is evident that it is absolutely vital to 
monitor the flow rates of reactants and reagents in microreactor flow 
experiments, especially since they imply an important input variable in the 
experiment. 
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Now that it was established that flow monitoring is necessary, we decided 
to evaluate flow deviations in a chemical synthesis experiment. The Swern-
Moffatt oxidation (Figure 3.5) was chosen as a model reaction. Yoshida et al. 
previously showed in an elegant way that this oxidation can be performed in a 
microreactor at room temperature conditions.22 Crucial in this microreactor 
process is a fast reaction of the reactive intermediate 1 with benzyl alcohol 2 in 
order to circumvent the undesired Pummerer rearrangement leading to by-
products 4 and 5, as will be discussed in Chapter 5.  
 
Figure 3.5 Swern-Moffatt oxidation of benzyl alcohol. 
 
 
Figure 3.6 Flow scheme of the microreactor system used for the Swern-Moffatt oxidation. 
reactor volume:
142 nL
A: TFAA
B: alcohol + DMSO
Quench: DIPEA
Collection and diluting mix
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In our approach, benzyl alcohol was premixed with dimethyl sulfoxide 
(DMSO), prior to reaction with trifluoroacetic anhydride (TFAA).23-26 Next, 
DIPEA was added at the end of the channel, performing the final elimination 
step and quenching the excess of TFAA at the same time (Figure 3.6). To both 
solutions A and B inert flow markers were added: 1,2-dichlorobenzene and 
mesitylene, respectively. The flow marker in solution B also served as an 
internal standard for the reaction, to which peak intensities of starting material 
and products could be related. 
Table 3.2 A Selection from the Experimental Setup for the Swern Moffatt oxidationa 
Set flow A Set flow B Residence 
time 
Waste time Sampling 
time 
µL/minb µL/min min minc min 
16.20 37.27 4.69 1.85 3.09 
28.03 89.71 2.13 1.07 1.78 
35.68 82.07 2.13 0.84 1.40 
112.6 146.4 0.97 0.27 0.440 
65.41 52.33 2.13 0.57 0.76 
12.73 40.74 4.69 2.36 3.93 
a The complete data set can be found in Tables 3.4 and 3.5 of the Experimental Section. b For flow A: 
Solution of benzyl alcohol (0.5 M), DMSO (2.5 M) and a flow marker A (1,2-dichlorobenzene, 2% v/v) in 
CH2Cl2. For flow B: Solution of TFAA (0.5 M) and flow marker B (mesitylene , 2% v/v) in CH2Cl2 c After 
setting the appropriate flow rate, the outflow needle was placed in a waste container. 
Table 3.3 Averages and standard deviation in flow offsets. 
Flow Average offset Standard deviation 
in offset 
A –11.7% 7.4%
B   13.8% 6.9%
 
The flow rates of flows A and B were varied in such a way that these 
settings would result in a matrix of data points with different retention times 
and stoichiometries (Table 3.2). Distributions similar to the flow measurement 
experiments were observed, albeit that the average deviations were higher 
(Table 3.3). The deviations in flow rates were again evaluated in a histogram 
(Figure 3.7). 
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In Figure 3.8 the aldehyde production is shown in contour plots as a 
function of time and stoichiometry. In Figure 3.8a the intended values (those 
set into the pumps) for time and stoichiometry were used, while in Figure 3.8b 
the values were calculated using the flow marker method. The high systematic 
deviation in stoichiometry is clearly visible here, and this has a significant 
impact on the interpretation of the results. When only set values are 
considered, the optimal aldehyde yield is reached at a stoichiometry of 2.5 and 
a reaction time of 2.5 s. However, when the accurate measured flow rates are 
used, the optimal reaction conditions are reached at a stoichiometry around 3.5, 
at the same reaction time. 
This result clearly demonstrates that when reaction optimisation and 
screening in microreactors is considered, one cannot rely on the set flow of the 
pumps involved. Calibration of the flow rates using flow markers during the 
entire course of the experiment allows for a more accurate end result of the 
optimisation procedure. 
3.3. Conclusion 
A generally applicable method has been presented which can be used for 
flow rate analysis in microreactors for chemical synthesis using internal 
standards as flow markers. This method does not require additional 
instruments when chromatographic methods are used to monitor reaction 
products, since these methods can conveniently accommodate the extra 
measurements of flow markers. Although the new method in principle could 
be applied to a wide range of continuous flow synthesis applications, it is of 
particular benefit when flow rates constitute an important experimental 
parameter, as is the case in reaction screening and determination of kinetics. 
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Figure 3.7 A histogram of flow deviations in % of the Swern-Moffatt oxidation model reaction 
 
Figure 3.8 Contour plots of the Swern-Moffatt oxidation. The coloured bands indicate the 
amount of aldehyde formed. (a): x- and y-values are solely determined by the flow rates set into 
the pumps; (b): x- and y-values are determined by actual flow measurements using the flow 
marker method. 
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3.4. Experimental 
3.4.1. Gas chromatography 
GC analysis was performed using either a Thermo Fisher Trace GC Ultra 
Gas / Polaris Q GC-MS or a Shimadzu GC-2010 GC-FID equipped with a 
Quadrex 007 1701 column. Concentrations of the flow markers were 
calculated from their peak areas relative to an internal standard in the dilution 
fluid. 
3.4.2. Microreactor setup27 
All syringes (Harvard apparatus; high pressure syringe, 2 mL) mounted on 
a syringe pump (New Era; type NE-1000 or NE-500) were connected to FEP 
tubing (1.59 mm OD, 254 µm ID). At the end of each piece of tubing, a 
special ‘flat bottom headless nut’ (Upchurch Scientific; type: M-660) was 
mounted which pressed down onto a flat bottom ferrule (Upchurch Scientific; 
type: M-650) to achieve a leak free fluid connection to the microreactor. The 
microreactor was placed in a custom-designed chip holder with threaded holes 
on the top side in which the nuts were screwed. A stainless steel needle 
(UpChurch Scientific; type U-106 1/100" ID 1/16" OD, custom shaped 
needle tip) was used as the outlet. A sample robot (Gilson Aspec XL) with 
dedicated software (Gilson 735 Sample software, Version 1.00) was used to 
dispense all samples during reaction screening. The pumps were programmed 
with a script running in ZOC Terminal V 5.0 in order to control the flow 
speed of the three pumps. Furthermore, the script provided switching events 
for the robot to automatically control stabilisation time and collection time. 
3.4.3. Microreactor 
The microreactor was fabricated from borosilicate glass by Micronit 
Microfluidics BV (Enschede, The Netherlands) (HF etched) with channel 
dimensions of 58 µm (depth) by 114 µm (width), having a total internal 
reaction volume of 142 nL. From these dimensions, combined with the flow 
rates and viscosities employed in the experiments, it can be expected that all 
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experiments are within the laminar flow regime. The channel layout included 
two T-junction mixers placed in series as illustrated in Figure.3.9. 
 
Figure.3.9 Microreactor channel layout. Inlets 1 and 2 were used for substrate introduction 
(fluids A and B), inlet 3 was used for quench liquid while 4 is the outlet. 
3.4.4. Flow measurement experiment 
GC was used for flow rate measurement. Two solutions consisting of a 
solvent (dichloromethane) and a flow marker (1,2-dichlorobenzene for fluid A 
and 5-bromo-m-xylene for fluid B, both approximately 2% v/v) were pumped 
into the mixing chip. One of the two outflow channels was redundant and thus 
blocked. The effluent was collected in standard 1.5 mL vials. The vials were 
prefilled with 1000 µL of a solution of 1-bromonaphthalene as the internal 
standard in dichloromethane (0.2% v/v). The syringes were loaded with the 
solutions and all fluidic connections were established. The outflow needle of 
the chip was then placed into the waste container and the pumps were started. 
After a predetermined stabilisation time, the outflow needle was moved to the 
first collection vial. More vials were filled when duplicate or triplicate 
measurements were carried out. Then the outflow needle was moved back to 
the waste container and flow settings were changed. After stabilisation the next 
set of samples was collected and the procedure was repeated until all flow 
conditions were screened. Table 3.1 shows a selection from the total 
experimental setup, while Table 3.4 gives all data. 
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Table 3.4: Flow check experiment: set and flow rates calculated from GC data, accuracy and 
precision. 
 
a Difference between the average over triplicates and the set flow rate. b Standard deviations of 
triplicates relative over average calculated flow rates. 
 
 
S 
S 
QA 
(set) 
QB 
(set) 
tcoll QA(calculated) QB(calculated) ΔQAa ΔQBa σAb σBb 
µL/ 
min 
µL/ 
min 
min µL/min µL/min % % % % 
66.67 33.33 0.75 61.94 62.64 62.94 29.27 31.05 30.94 -6.24 -8.74 0.82 3.27 
36.43 18.21 1.37 33.73 35.44 34.84 16.34 17.38 17.14 -4.84 -6.91 2.51 3.22 
19.91 9.95 2.51 18.24 19.42 18.83 9.04 9.69 9.17 -5.41 -6.59 3.13 3.68 
10.88 5.44 4.60 9.84 10.28 10.58 4.85 5.08 5.24 -5.93 -7.03 3.66 3.88 
5.94 2.97 8.41 5.53 5.78 5.76 2.73 2.86 2.86 -4.29 -5.21 2.41 2.59 
3.25 1.62 15.39 3.05 3.07 3.22 1.53 1.50 1.57 -4.16 -5.50 2.90 2.23 
52.22 47.78 0.96 48.37 50.32 49.90 43.22 46.07 44.79 -5.16 -6.46 2.07 3.20 
28.54 26.11 1.75 26.89 28.30 18.95 24.75 25.33 18.54 -13.40 -12.40 20.40 16.45 
8.52 7.80 5.87 8.10 8.11 8.15 7.31 7.41 7.50 -4.70 -4.97 0.33 1.29 
4.66 4.26 10.74 4.22 4.62 4.50 3.91 4.17 4.08 -4.55 -4.88 4.56 3.21 
2.54 2.33 19.65 2.34 2.41 2.40 2.17 2.20 2.20 -6.41 -5.88 1.71 0.80 
37.39 62.61 0.80 30.32 38.36 36.49 65.52 49.30 63.70 -6.24 -4.96 12.00 14.93 
20.43 34.21 1.46 20.13 19.27 19.01 30.02 32.93 31.45 -4.70 -8.03 3.02 4.63 
11.17 18.70 2.67 9.77 10.30 10.67 16.81 17.01 18.94 -8.24 -5.95 4.43 6.69 
3.33 5.58 8.96 3.06 3.09 3.24 5.35 4.77 5.46 -6.07 -6.98 3.17 7.18 
1.82 3.05 16.39 1.56 1.59 2.07 2.45 2.89 3.46 -4.65 -3.81 16.48 17.40 
24.60 75.40 0.66 22.00 24.21 23.88 72.01 74.88 75.29 -5.04 -1.77 5.09 2.42 
13.45 41.20 1.21 11.11 12.40 13.44 37.42 38.96 39.90 -8.40 -5.92 9.47 3.24 
2.19 6.72 7.44 2.01 2.00 2.18 6.46 6.54 6.78 -5.87 -1.94 4.96 2.49 
1.20 3.67 13.61 1.07 1.09 1.10 3.58 3.50 3.33 -9.39 -5.54 1.09 3.66 
15.13 84.87 0.59 14.12 13.38 14.53 82.21 82.93 81.18 -7.42 -3.25 4.14 1.07 
8.27 46.37 1.08 7.95 6.11 8.50 48.00 45.33 45.10 -9.05 -0.49 16.60 3.49 
4.52 25.34 1.97 3.99 3.64 4.32 23.62 22.54 24.19 -11.84 -7.46 8.49 3.59 
2.47 13.85 3.61 2.18 1.97 2.79 11.23 10.71 19.61 -6.38 0.01 18.45 36.09 
1.35 7.57 6.61 1.18 1.15 1.38 7.41 7.56 7.40 -8.33 -1.48 9.90 1.16 
8.88 91.12 0.55 7.46 8.58 9.67 87.37 90.64 95.41 -3.48 0.02 12.88 4.44 
4.85 49.79 1.00 4.45 4.11 4.74 48.82 47.86 48.56 -8.64 -2.77 7.09 1.03 
2.65 27.21 1.84 2.23 2.33 1.84 24.82 27.24 19.90 -19.56 -11.84 11.97 15.59 
1.45 14.87 3.36 1.03 1.08 1.87 13.66 10.80 15.91 -8.51 -9.49 35.34 19.04 
0.43 4.44 11.26 0.30 0.47 0.30 3.29 3.18 2.70 -17.57 -31.17 28.10 10.12 
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3.5. Swern-Moffatt model reaction 
GC was used for flow rate measurement and aldehyde yield determination. 
A solution of benzyl alcohol (2, 0.5 M), DMSO (2.5 M) and dichlorobenzene 
as a flow marker (2% v/v) in dichloromethane (solution A) and a solution of 
trifluoroacetic anhydride (TFAA) (0.5 M) in dichloromethane with mesitylene 
as a flow marker (2% v/v) (solution B) were pumped into the mixing chip. To 
finish the reaction in the microreactor, pure N,N-diisopropylethylamine 
(DIPEA) was pumped into the reactor. The experiment was carried out as 
described in the previous section. A selection of the flow rates, collection times 
and waste times, during which the continuous flows are stabilised, are listed in 
Table 3.2, while all data are listed in Table 3.5. 
Table 3.5 Swern-Moffatt oxidation: set and flow rates calculated from GC data, accuracy and 
precision. 
QA 
(set) 
QB 
(set) 
tcoll QA(calculated) QB(calculated) ΔQAa ΔQBa σAb σBb 
µL/ 
min 
µL/ 
min 
min µL/min µL/min % % % % 
16.20 37.27 3.09 9.81 11.78 12.15 33.52 39.35 40.16 -30.61 1.08 11.19 9.62 
28.03 89.71 1.78 20.76 21.87 21.32 101.4 102.6 102.16 -23.95 13.77 2.60 0.61 
35.68 82.07 1.40 27.91 23.22 24.36 92.45 92.74 94.39 -29.48 13.56 9.72 1.12 
112.6 146.4 0.44 99.84 107.7 107.6 165.2 177.2 176.99 -6.77 18.22 4.27 3.98 
65.41 52.33 0.76 57.66 59.81 61.42 54.83 56.67 57.22 -8.85 7.47 3.17 2.22 
12.73 40.74 3.93 10.44 10.38 10.11 46.73 46.33 47.13 -19.04 14.70 1.66 0.86 
14.07 39.40 3.55 12.37 12.42 12.68 44.91 45.20 45.63 -11.26 14.83 1.31 0.80 
92.53 166.6 0.54 83.16 82.28 77.51 199.6 198.3 190.81 -12.48 17.80 3.76 2.41 
143.9 115.2 0.35 139.4 127.8 138.5 132.3 120.8 132.39 -6.05 11.58 4.78 5.23 
23.25 30.23 2.15 21.42 21.32 21.56 33.30 33.83 34.31 -7.81 11.87 0.55 1.50 
29.71 23.77 1.68 26.79 27.12 26.69 25.33 25.57 25.45 -9.57 7.07 0.84 0.48 
61.69 197.4 0.81 49.91 51.14 51.28 225.2 228 231.05 -17.69 15.58 1.48 1.28 
42.05 75.69 1.19 37.70 38.16 37.73 86.28 87.30 87.63 -9.97 15.02 0.68 0.81 
19.10 34.38 2.62 17.15 17.48 17.83 39.87 39.50 39.87 -8.44 15.61 1.95 0.54 
68.18 190.9 0.73 59.70 63.10 53.21 214.0 222.3 183.65 -13.95 8.25 8.57 9.84 
30.99 86.76 1.61 27.06 28.22 27.66 99.94 101.2 99.33 -10.77 15.46 2.10 0.97 
78.51 180.6 0.64 72.48 71.92 71.78 216.9 216.2 214.95 -8.22 19.64 0.52 0.47 
51.19 66.55 0.98 45.53 45.27 44.92 76.58 77.30 77.41 -11.63 15.85 0.68 0.58 
3.95 7.11 5.06 3.50 3.47 3.51 7.99 8.03 8.23 -11.51 13.70 0.61 1.57 
7.37 16.95 2.71 6.73 6.49 6.50 20.02 19.49 19.75 -10.85 16.49 2.05 1.34 
6.14 4.91 3.26 5.26 5.32 5.43 5.14 5.47 5.49 -13.17 9.17 1.63 3.61 
10.58 13.75 1.89 9.13 8.78 9.49 15.39 15.07 15.71 -13.64 11.95 3.91 2.08 
(continued from previous page) 
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a Difference between the average over triplicates and the set flow rate; b Standard deviations of 
triplicates relative over average calculated flow rates. 
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4. Fast optimisation and scale up of pyrrole 
synthesis 
 
A flow chemistry method for the synthesis of pyrroles was developed. The method was 
optimised in 0.13 and 7 µL microreactors in continuous flow, reaching yields of nearly 
100%. Subsequently, the method was scaled up in continuous flow using a 9.6 mL internal 
volume glass microstructured flow reactor, leading to the production of a pyrrole derivative at a 
rate of 55.8 g per hour . 
 
 
 
 
 
 
 
 
 
 
 
This chapter was published as 
“Fast scale-up using microreactors: pyrrole synthesis from micro to production 
scale” 
P. J. Nieuwland, R. Segers, K. Koch, J. C. M. van Hest, F. P. J. T. Rutjes, 
Organic Process Research & Development. 2011, 15, 783-787. 
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4.1. Introduction 
In the fine chemical and pharmaceutical industry, conventional chemical 
production processes are commonly scaled up by increasing the physical size 
of the reactors, generally resulting in time-consuming and costly process 
optimisation per scale-up step. Microreactor flow technology allows optimal 
control over reaction conditions due to the small internal dimensions, leading 
to inherent reliability and reproducibility, better efficiency, more economic and 
safer chemistry.1-5 The optimal control is achieved in particular by the small 
lateral dimensions of microreactor channels, thus avoiding heat flow and mass 
limitations of batch reactors. Furthermore, the continuous flow technology is 
ideal for reaction screening, since it allows testing of reaction parameters in a 
fast and efficient way. In the recent past, we have developed a plug-and-play 
microreactor platform6 which can be routinely used for optimisation of a 
diverse array of reactions including enzymatic conversions,7 palladium-
catalysed processes,8 oxidation reactions,9 formation of organic azides,10 and 
deprotection steps.11 The use of folding split-and-recombine mixing units has 
proved to be effective and scalable.12 Therefore, we envisioned that by slightly 
increasing the channel cross sectional area from 0.40 to 1.25 mm2, followed by 
numbering out by placing four reactors in a two by two serial/parallel setup, 
optimised reactions could be readily scaled up as well. Thus, such a novel 
continuous flow route should offer a fast and therefore valuable trajectory for 
product development and production. 
The Paal–Knorr cyclocondensation of 1,4-diketones with amines and 
other nitrogen derivatives is a well-established and valuable procedure for the 
preparation of pyrroles and related heterocycles.13-15 The mechanism for the 
Paal-Knorr cyclocondensation as demonstrated by Amarnath et al.16, 17 is 
shown in Scheme 4.1. Amarnath has shown that the first addition step is a pre-
equilibrium, while the subsequent cyclisation is the rate determining step, after 
which the two dehydration steps readily follow. 
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Scheme 4.1 Proposed mechanism for the Paal-Knorr cyclocondensation 
The Paal-Knorr process is an industrially relevant synthesis, since it 
directly yields relatively complex pyrroles from readily available amines and 
diketones. A drawback of this reaction is the exothermic behavior,15 especially 
pronounced when carried out at high concentrations. Although the procedure 
requires only one addition step, on an industrial scale great care is required due 
to its exothermic nature. It was previously shown that continuous flow offers 
an excellent alternative for this fast reaction in order to cope with this 
drawback.18 However, no details were published on how the optimal reaction 
conditions could be determined. In this chapter, we present a facile approach 
to optimise and perform pyrrole synthesis in high yield using flow chemistry, 
thereby readily maintaining good control over the reaction even at increased 
concentrations, due to high heat transfer capabilities. We designed a 
continuous flow process for two amine substrates, and focussed on retrieving 
optimal parameters from flow chemistry experiments. These conditions were 
subsequently used to execute a scaled-up continuous flow process. 
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4.2. Results and discussion 
In the development of a scalable continuous flow process three successive 
phases were followed: (1) design of the continuous flow process, (2) reaction 
optimisation by parameter screening, and (3) outscaling to preparative scale 
synthesis.  
 
Figure 4.1 Continuous flow design 
4.2.1. Phase 1 
A microreactor set-up (Figure 4.1) was designed, which allowed executing 
the initially batchwise procedure in a continuous flow manner. Two stock 
solutions in methanol were applied, the first one containing the diketone 
substrate 2,5-hexanedione (1) and the second either of the two amine 
substrates ethanolamine (2) or ethylamine (3) in methanol. This approach was 
adequate for keeping the product and all reaction intermediates in solution, 
while flow rates of the two substrate solutions could be used to control both 
residence time in the microreactor, as well as relative stoichiometries of the 
substrates. To the first solution, 2-bromotoluene was added as internal 
standard to follow conversion of the substrate and determine the yield by 
quantitative GC-FID analysis. As a third flow acetone was used as an 
appropriate quenching agent, inhibiting the primary amine from further 
reaction through imine formation. The quenching agent was required for 
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optimisation experiments in order to carefully determine the reaction time in 
combination with off-line analysis.  
Single variate experiments were designed to roughly screen conversions of 
both reactions varied by temperature, amine stoichiometry and reaction time. 
The regions for these parameters were based on limited data available in 
literature: the work of Amarnath gives an indication on what conditions might 
be used, although they apply to different substrates. Three series varying only 
one parameter at a time were performed with fixed values at 12 s, an amine 
stoichimetry of 2.0 and a temperature of 20 °C. Conversions from 20 to 100% 
were observed (Figure 4.2). Reaction time was investigated in a logarithmic 
fashion in order to cover a wide time range, and a regular kinetic profile was 
recorded from the reaction time data. Stoichiometry data indicated no 
surprising effects, while temperature showed only minor influence on the 
conversion. Based on the data of these experiments, it may be concluded that 
the activation energy of the rate determining step is low.  
4.2.2. Phase 2 
While these univariate runs provided useful data on the reactions, 
potential dependency of parameters was not taken into account. Therefore, full 
parametric optimisations were performed. Optimal conditions for the 
continuous flow equipment were aimed to a maximum reduction of reaction 
time, while maintaining 100% conversion. All parameter ranges were kept 
identical, except for ethylamine stoichiometry, as in the univariate series it was 
found that the conversion was saturated around a value of 10. Using D-
optimal algorithms, an experimental design was made. In the stoichiometry 
and reaction time dimensions, four levels were used, while in temperature three 
levels sufficed due to the expected low influence on the reaction.  
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Figure 4.2 Substrate conversion: univariate screening for substrates ethanolamine (2, top) and 
ethylamine (3, bottom). Fixed parameters for both substrates: reaction time 12 s, stoichiometry 
of amine vs diketone = 2.0, temperature 20 °C. 
A full overview of all datapoints is provided in the experimental section of 
this chapter. After the runs were fully performed, the samples were analysed 
and the resulting data were fit to mathematical models. The results from the 
multivariate optimisations are visualised in Figure 4.3 by two sets of three 
contour plots representing slices in the three dimensional polynomial curve 
fitted to the data. For the ethanolamine substrate, optimal settings were found 
at an amine:diketone ratio = 5, reaction time = 100 s, and T = 20 °C, for 
ethylamine these values were amine:diketone ratio = 10, reaction time = 100 s, 
and T = 20 °C. In both cases the reaction model showed a broad and therefore 
robust area at which high yields were obtained. The model describes a decrease 
of yield at higher amine:diketone ratios. This observation can be most probably 
attributed to a lower substrate concentration: while the ratio of amine to 
substrate is increased, by controlling flow rates, the absolute concentration of 
the diketone is decreased. 
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Figure 4.3 Contour plots of data from multidimensional screening experiments, modeled to a 
polynomial fit. Top: optimisation run with substrate ethanolamine (2), bottom: optimisation 
run with substrate ethylamine (3). 
Leave one out cross validation (LOOCV) was used to evaluate model 
quality. Values of 70.3 and 63.9% were found for ethanolamine (2) and 
ethylamine (3), respectively. These numbers represent reasonable model 
prediction, indicating that conclusions can be drawn from the shape of the 
model. Based on the model quality, validation was required, which was 
performed in the next phase. 
In addition, the quality of the model fit was visualised by a true vs. 
predicted scatter plot (Figure 4.4). These scatter plots show a random 
distribution of residuals, indicating that the model correctly predicts trends in 
the data. 
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Figure 4.4 True versus predicted plots of data models for optimisation runs with ethanolamine 
(2, left) and ethylamine (3, right) substrates. 
4.2.3. Phase 3 
Having optimal conditions for flow chemistry established, the reaction 
was scaled up and validated at mL-scale using a microstructured flow reactor 
with an internal volume of 2.4 mL (Figure 4.5). While maintaining a sufficiently 
large surface to volume ratio, the cross-sectional dimensions of the reactor 
channels were enlarged to 1-2 mm. Mixing due to diffusion was no longer 
sufficient at these scales, therefore adequate mixing was established by the 
integration of folding flow type mixers19 over the total length of the channel. 
In order to verify the scalability of the reaction, two validation 
experiments were performed with the mL-scale system. In the first experiment, 
reaction conditions were chosen that matched the optimal conditions found in 
the previous step. In the second one, arbitrary validation points were used 
which yielded 50% conversion with the optimisation study. Parameters and 
results of these two experiments are summarised in Table 4.1. Only small 
deviations from the predicted values were observed. 
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Table 4.1 Larger scale validation experiments 
 Ethanolamine (2) Ethylamine (3) 
 Optimised 
point 
Validation 
point 
Optimised 
point 
Validation 
point 
Reaction time 100 s 10 s 100 s 40 s 
Amine:diketone 
stoichiometry 5.0 2.5 10 5 
Temperature 20 °C 20 °C 20 °C 20 °C 
Conversion 
predicteda 
100% 54% 100% 50% 
Conversion 
observed 
100% 57% 93% 54% 
a Prediction based on polynomial model obtained in Phase 2 
 
Figure 4.5 Microstructured flow reactor. Internal volume: 2.4 mL 
 
Figure 4.6 Parallel multilayered microstructured reactor. Internal volume: 9.6 mL. For scaling 
comparison: the bottle in the background has a regular GL45 screw cap. 
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Subsequently, four of the same microstructured flow reactors were placed 
in parallel and integrated into a single parallel multilayered reactor module 
(Figure 4.6), resulting in a total internal volume of 9.6 mL. A full scale reaction 
run was performed with ethanolamine (2) as the amine substrate. Again, 
reaction conditions were validated with optimal settings, and 100% conversion 
was observed. With a total feed of 5.4 mL/min and a run-time of 60 min, a 
total isolated yield of 55.8 g of pyrrole product 4 (96%) was obtained as yellow 
crystals. In Phase 1, total conversion was reached in a microreactor with an 
internal volume of 7.02 µL at total feed of 4.0 µL/min. Therefore, in this way a 
scale-up factor of 1367 was achieved. 
4.3. Conclusion 
With these results we have clearly demonstrated the feasibility of the 
continuous flow optimisation–scale up approach for the Paal-Knorr reaction, 
where the complete trajectory of microscale optimisation to production in 
parallel microreactors was successfully carried out. We foresee that this 
approach will be applicable to a much wider range of chemical processes. This 
emphasises a double benefit of flow chemistry: highly exothermic processes 
can be better controlled, while scale-up steps require lower investments. 
4.4. Experimental section 
General: All reactor volumes stated describe the active reaction zone from the 
point of mixing diketone and amine, up to the point at which the quench liquid is 
added. The volume of the quenching zone was typically 1/3 of the active reaction zone. 
2,5-hexadione (Aldrich, 98%), ethanolamine (Aldrich, 98%), 2-bromotoluene (Aldrich, 
9%),  dimethoxy ethane (Aldrich, 99.5%) and 1-bromonaphthalene (Aldrich, 97%) 
were used as received from commercial sources. 
GC analysis: All GC analyses were performed off-line. The effluent of the 
microreactor was collected in vials and diluted using acetone marked with an internal 
standard (1-bromonaphthalene, 0.6% v/v) in order to constantly monitor flow rates as 
previously demonstrated.20 GC analysis was performed on a Shimadzu GC 2010 GC-
FID equipped with a Quadrex 007 1701 column (length: 10 m, internal diameter: 0.1 
mm, film thickness: 0.1 µm), using a temperature program starting at 70 °C for 0.85 
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min with ramping to 90 °C with 25 °C/min and final ballistic heating with a set 
temperature of 270 °C for 1.0 min, a linear flow rate of 1 m/s and a split ratio of 667 
with an injection volume of 0.2 µL. 
Microreactor devices: The Phase 1 univariate screening experiments were conducted 
in a standard FutureChemistry FlowStart B-200 setup, consisting of syringe pumps, a 
microreactor holder and temperature controller. Three syringes (Harvard apparatus; 
high pressure syringe, 2 mL or for quench flow: Henke Sass Wolf NORM-JECT 10 
mL) were mounted on the syringe pumps: one for the diketone substrate, one for the 
amine reagent and one for the quench liquid. All pumps were connected to the 
microreactor’s corresponding inlet by FEP tubing (ID: 0.25 mm), while the outlet was 
connected to similar tubing, which was manually operated to collect samples. Reaction 
parameters were changed manually by setting the reaction temperature on the 
controller and flow rates on the syringe pumps. For the Phase 2 multivariate screening 
experiments, a standard FutureChemistry FlowScreen C-300 setup was used, which is 
similar to the set-up used in Phase 1, but with the outlet directly connected to a 
sampling robot’s needle, delivering outflow samples to HPLC vials. The computer-
controlled sampling robot was used to sample all effluents from different parametric 
settings. The parameters were controlled automatically by the computer, changing the 
temperature and flow rates according to a preset reaction screening sequence. 
The microreactor used in both Phases 1 and 2 was custom made from 
borosilicate glass by Micronit Microfluidics B.V., Enschede, the Netherlands, by 
powder blasting, and had the following dimensions: L 45 mm, W 15 mm, H 2.2 mm, 
channel dimensions: L 1325 mm, H 55 µm and internal volume of either 0.13 µL or 
7.02 µL (to achieve reaction times of less than 1 second or more than 1 second, 
respectively). 
Flow chemistry experiments 
Phases 1 and 2: The first syringe was loaded with liquid A, containing 2,5-
hexanedione (1, 11.0 g, 96 mmol) and 2-bromotoluene (1.78 g, internal standard) 
dissolved in methanol (total stock volume 25 mL). The second syringe was loaded with 
liquid B containing either ethanolamine (2, 10.1 g, 166 mmol) or ethylamine (3, 10.7 g, 
70 wt. % in H2O, 166 mmol) and dimethoxyethane (2.17 g, internal standard) 
dissolved in methanol (total stock volume 25 mL). The third syringe was filled with 
acetone (analysis grade, neat). The sample preparation solution (liquid D) was prepared 
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by dissolving 1-bromonaphthalene (6.0 g, internal standard) in acetone (total stock 
volume 1 L). Syringes with liquids A to C were then connected to the respective 
microreactor system. In Phase 1, the outlet tubing was manually held in collection vials 
during the collection times, while in Phase 2 this process was automated by a sample 
robot. Before collection commenced for each sample, the system was stabilised during 
a time defined by the flows of liquid A and B flushing the microreactor approximately 
2.5 times. For each data point, the collection time was set so that 50 μL of liquid A was 
collected in 1.0 mL of liquid D. All reaction conditions were randomised. All samples 
were analyzed with GC. Retention times were 0.39, 0.68, 1.26, 1.36, 1.99 and 2.19 min 
for dimethoxyethane, amine 2, diketone 1, 2-bromotoluene, product 4 and 1-
bromonaphthalene, respectively. The collected data were processed using 
FutureChemistry FlowFit software, based on multidimensional polynomial curve fitting. 
The software used a polynome degree of three (cubic) for all parameters. The Bayesian 
Information Criterion method was used to automatically optimise the curve fitting. 
Phase 3: All experiments were conducted in a standard FutureChemistry FlowSyn 
setup, using a 2.4 mL internal volume for first validation and 9.6 mL glass 
microreactor for final scale-up, glass microreactor, respectively. Flow markers were 
used during the validation experiments in the same way as in Phases 1 and 2; no flow 
markers were used in the preparative run. No quenching liquid was used, since the 
reaction was driven to full completion. 
Preparative run: These experiments were conducted on a custom setup, consisting 
of 20 mL/min syringe pumps (Syntics) and a 9.6 mL internal volume glass 
microreactor (made from borosilicate glass by Micronit Microfluidics B.V., Enschede, 
the Netherlands, by powder blasting). Two bottles were filled with solutions A’ (1, 4.4 
M in methanol, no internal standard) and B’ (2, 8.3 M in methanol, no internal 
standard). Pump rates were set to 1.53 and 3.87 mL/min respectively. The experiment 
was run for 60 min, and the reaction mixture showed 100% yield based on GC analysis. 
The reaction mixture was concentrated, extracted with diethyl ether (3 × 100 mL), 
washed with 1 M HCl (150 mL) and brine (50 mL), dried, filtered, and solvent 
removed under reduced pressure. The resulting yellow oil crystallised to yield 55.8 g of 
the desired product in a 99% yield. 1H NMR (400 MHz, CDCl3): δ = 5.79 (s, 2H), 3.92 
(t, J = 6.0 Hz, 2H), 3.78 (t, J = 6.0 Hz, 2H), 2.24 (s, 6H), 1.60 (br s, 1H, OH) ppm. 
This is identical to literature data.(21) 
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4.7. Appendix: Experimental data 
4.7.1. Run 1: ethanolamine 
Setting # Reaction  
timea 
Amine  
Stoichiometrya 
Temperature Pyrrole 4 
yieldb 
s °C % 
1 0.01 0.712 20.0 7.0 
2 0.45 0.778 85.0 18.0 
3 0.03 11.778 52.5 61.6 
4 0.38 12.679 85.0 74.3 
5 0.02 5.068 85.0 40.6 
6 0.38 12.245 20.0 65.1 
7 0.02 12.012 85.0 48.9 
8 0.02 12.809 20.0 73.9 
9 0.45 0.778 20.0 3.5 
10 0.02 0.783 52.5 9.8 
11 0.44 5.152 20.0 29.5 
12 0.02 4.775 20.0 48.3 
13 0.02 0.790 85.0 10.6 
14 0.40 11.849 52.5 56.7 
15 0.41 2.106 52.5 18.2 
16 0.45 4.878 85.0 72.3 
17 0.03 0.774 20.0 8.1 
18 0.03 0.777 52.5 6.0 
19 0.03 0.803 80.0 5.3 
20 0.03 3.932 20.0 39.1 
21 0.03 3.945 52.5 50.2 
22 0.03 3.946 80.0 52.9 
23 0.03 13.779 20.0 86.2 
24 0.03 12.237 52.5 86.0 
25 0.02 12.225 80.0 79.8 
26 71.65 13.859 20.0 95.0 
27 83.18 2.110 20.0 77.7 
28 5.02 13.534 20.0 83.3 
29 97.23 2.040 52.5 94.2 
30 76.51 4.917 85.0 99.7 
31 71.53 13.879 20.0 95.2 
32 4.98 0.816 20.0 15.5 
33 70.50 12.540 52.5 100.0 
34 78.41 5.198 20.0 93.1 
35 76.09 4.783 52.5 99.1 
36 84.19 0.853 52.5 64.3 
37 5.15 2.023 85.0 40.1 
38 106.64 13.006 85.0 96.3 
39 5.02 0.760 52.5 14.5 
40 86.24 0.768 20.0 49.2 
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(continued from previous page) 
41 5.36 4.891 20.0 57.1 
42 5.27 2.031 20.0 31.5 
43 4.92 12.042 85.0 70.5 
44 86.09 0.684 85.0 60.4 
45 67.16 12.480 85.0 97.9 
46 5.31 4.593 85.0 48.2 
47 78.81 2.067 85.0 90.9 
48 5.37 11.585 52.5 78.2 
49 5.48 0.665 85.0 12.1 
50 3.42 0.785 20.0 11.3 
51 3.28 0.897 52.5 12.4 
52 3.23 0.841 85.0 11.4 
53 81.77 0.737 20.0 48.4 
54 79.60 0.880 52.5 62.1 
55 74.67 0.873 85.0 64.3 
56 3.36 3.912 20.0 38.1 
57 3.28 4.053 52.5 35.2 
58 3.55 3.833 85.0 26.3 
a Values corrected by internal standard flow calculation; b Calibrated GC data 
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4.7.2. Run 1, model 
Factors and responses are defined as: 
Y Pyrrole 4 yield (1/1) 
Y_logit logit value of Pyrrole 4 yield (1/1) 
x1 time (s) 
x2 Amine stoichiometry 
x3 Temperature (°C) 
 
The polynomial fit resulting from all raw data: 
Y_logit ൌ 0.034xଵ ൅ 0.702xଶ െ 0.0344xଶଶ ൅ 0.000033xଷଶ 
With the resulting value for Y: 
Y ൌ ଵ଴଴ଵାୣషౕ_ౢ౥ౝ౟౪
Model evaluation 
 
 
The model has a leave-one-out cross-validation (LOOCV) value of 70.3%. 
80 
Chapter 4 
  
 
4.7.3. Run 2: ethylamine 
Setting # Reaction  
timea 
Amine  
Stoichiometrya 
Temperature (°C) Pyrrole 5 
yieldb 
 s °C % 
1 0.014 0.712 20.0 7.0 
2 0.446 0.778 85.0 18.0 
3 0.025 11.778 52.5 61.6 
4 0.381 12.679 85.0 74.3 
5 0.024 5.068 85.0 40.6 
6 0.384 12.245 20.0 65.1 
7 0.024 12.012 85.0 48.9 
8 0.025 12.809 20.0 73.9 
9 0.446 0.778 20.0 3.5 
10 0.017 0.783 52.5 9.8 
11 0.435 5.152 20.0 29.5 
12 0.024 4.775 20.0 48.3 
13 0.015 0.790 85.0 10.6 
14 0.402 11.849 52.5 56.7 
15 0.412 2.106 52.5 18.2 
16 0.447 4.878 85.0 72.3 
17 71.653 13.859 20.0 95.0 
18 83.183 2.110 20.0 77.7 
19 5.019 13.534 20.0 83.3 
20 97.228 2.040 52.5 94.2 
21 76.510 4.917 85.0 99.7 
22 71.533 13.879 20.0 95.2 
23 4.981 0.816 20.0 15.5 
24 70.495 12.540 52.5 100.0 
25 78.410 5.198 20.0 93.1 
26 76.087 4.783 52.5 99.1 
27 84.187 0.853 52.5 64.3 
28 5.151 2.023 85.0 40.1 
29 106.644 13.006 85.0 96.3 
30 5.017 0.760 52.5 14.5 
31 86.244 0.768 20.0 49.2 
32 5.364 4.891 20.0 57.1 
33 5.271 2.031 20.0 31.5 
34 4.921 12.042 85.0 70.5 
35 86.085 0.684 85.0 60.4 
36 67.164 12.480 85.0 97.9 
37 5.313 4.593 85.0 48.2 
38 78.805 2.067 85.0 90.9 
39 5.367 11.585 52.5 78.2 
40 5.476 0.665 85.0 12.1 
41 0.028 0.774 20.0 8.1 
42 0.027 0.777 52.5 6.0 
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(continued from previous page) 
43 0.026 0.803 80.0 5.3 
44 0.026 3.932 20.0 39.1 
45 0.026 3.945 52.5 50.2 
46 0.025 3.946 80.0 52.9 
47 0.026 13.779 20.0 86.2 
48 0.026 12.237 52.5 86.0 
49 0.025 12.225 80.0 79.8 
50 3.417 0.785 20.0 11.3 
51 3.278 0.897 52.5 12.4 
52 3.230 0.841 85.0 11.4 
53 81.773 0.737 20.0 48.4 
54 79.597 0.880 52.5 62.1 
55 74.672 0.873 85.0 64.3 
56 3.361 3.912 20.0 38.1 
57 3.281 4.053 52.5 35.2 
58 3.547 3.833 85.0 26.3 
a Values corrected by internal standard flow calculation; b Calibrated GC data 
4.7.4. Run 2, model 
Factors and responses are defined as: 
Y Pyrrole 5 yield (1/1) 
x1 time (s) 
x2 Amine stoichiometry 
x3 Temperature (°C) 
 
The polynomial fit resulting from all raw data: 
Y ൌ 0.557xଵ ൅ 14.3xଶ ൅ 0.32xଷ െ 0.0253xଶxଷ െ 0.626xଶଶ െ
0.0015xଷଶ  
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Model evaluation 
 
The model has a leave-one-out cross-validation (LOOCV) value of 63.9%. 
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5. Automated optimisation of Swern-Moffatt 
oxidation at elevated temperatures 
 
The generally accepted benefits of the small lateral dimensions of microreactors (1 µm to 1 
mm) enable a different way of performing synthetic chemistry: extremely short contact times in 
the millisecond range can circumvent the need for performing highly exothermic and fast 
reactions at very low temperatures. In order to fully exploit this technology, such fast processes 
need to be redesigned and investigated for optimal reaction conditions, which can differ 
drastically from the ones traditionally applied. In a comprehensive study, we optimized the 
selective Swern-Moffatt oxidation of benzyl alcohol to benzaldehyde by varying five 
experimental parameters, including reaction time and temperature. Employing an ultrashort 
mixing and reaction time of only 32 ms, the optimal temperature was determined to be 
70 °C, approximately 150 °C higher than under the conventional batch conditions. This 
remarkable difference shows both the potency of continuous flow chemistry as well as the 
urgency of a paradigm shift in reaction design for continuous flow conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter was published as 
 
“Flash chemistry extensively optimized: high-temperature Swern-Moffatt 
oxidation in an automated microreactor platform” 
P. J. Nieuwland, K. Koch, N. van Harskamp, R. Wehrens, J. C. M. van Hest, 
F. P. J. T. Rutjes, Chemistry, an Asian journal. 2010, 5, 799-805.
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5.1. Introduction 
Microreactor technology is rapidly becoming a valuable tool in synthetic 
organic chemistry.1-6 It is estimated that 19% of all synthetic reactions in the 
pharmaceutical and fine chemical industry could directly benefit in terms of 
yield, selectivity and efficiency from being carried out in microreactors or, 
more generally, microstructured devices.7, 8 The generally accepted benefits of 
small lateral dimensions of microreactors (1 µm to 1 mm) enable a different 
way of performing synthetic chemistry: extremely short contact times in the 
millisecond range can circumvent the need for performing highly exothermic 
and fast reactions at very low temperatures. This concept of process 
intensification, aptly named ‘flash chemistry’ by Yoshida,9 opens up a whole 
new toolbox for the organic chemist. 
In order to fully exploit this toolbox, such fast processes and reactions 
need to be reinvestigated for optimal reaction conditions, which can differ 
drastically from the ones traditionally applied. Once an optimal set of 
parameters is determined the excellent control over these conditions provided 
by flow chemistry and microreactor technology leads to a high level of 
reproducibility. Currently, flow-through microreactors operating in the 
mL/min range are generally used for reaction screening and optimisation, 
although smaller devices with typical flow rates in the µL/min range, requiring 
significantly smaller amounts of material, would be considerably more 
attractive.10, 11  
The Swern-Moffatt oxidation is a highly relevant reaction for the fine 
chemical industry, because the selective oxidation of primary alcohols to 
aldehydes does not require any heavy metals. However, this reaction is 
traditionally carried out at temperatures as low as -78 °C, which limits its 
viability for high volume manufacturing. In the conventional procedure, the 
activator trifluoroacetic anhydride (TFAA) is first mixed with 
dimethylsulfoxide (DMSO) at -78 °C. After the reactive species 2 (Scheme 5.1) 
has been formed, the reactant 1 (a primary or secondary alcohol) is added to 
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initiate the oxidation. In the final step a tertiary amine base (triethylamine or 
N,N-diisopropylethylamine, DIPEA) is added to both finish the reaction’s last 
step, creating the desired aldehyde or ketone, and quench unreacted TFAA. 
The low temperatures are required to prevent an important side reaction: the 
Pummerer rearrangement. Both reaction intermediates 
trifluoroacetoxydimethylsulfonium salt 2 and alkoxydimethylsulfonium salt 3 
rearrange at higher temperatures, forming either the trifluoroacetyl ester of the 
alcohol substrate 8 or thiomethylether 6. 
 
Scheme 5.1 Proposed reaction scheme for the Swern-Moffatt oxidation of primary alcohol 1 to 
aldehyde 4. 
It was previously shown by Yoshida et al.12 that it is possible to perform 
the Swern-Moffatt oxidation reaction in a microreactor at room temperature. 
Using a continuous flow setup, and by drastically reducing the time between 
the addition of TFAA and the alcohol (in the order of 100 ms) the reaction at 
room temperature gave results comparable to conventional procedures. In 
addition, a broad study of Swern-Moffatt oxidations with a range of primary 
and secondary alcohols was performed by Van der Linden et al.13, 
demonstrating that by premixing DMSO with the alcohol prior to reacting it 
with TFAA inside the microreactor led to similar or even better aldehyde yields 
and selectivities than conventional conditions. It can be reasoned that if 
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alcohol substrate is present in the DMSO solution, the reactive intermediate 
reacts in situ with the alcohol. In this way, one mixing step could be eliminated. 
Since these studies indicate that the traditional barriers for the Swern 
Moffattt reaction have disappeared by applying microreactor technology, it is 
now of interest to find the optimal reaction conditions for this reaction. In this 
report we describe a comprehensive study to systematically screen Swern-
Moffatt reaction parameters using a microreactor device, which generates a 
large amount of chemical information with only very small amounts of starting 
compound, since the reactor used has a volume of 140 nL. Since the selective 
oxidation of benzyl alcohol (1, R = Ph) to benzaldehyde is the most prone to 
solvolytic attack of the intermediate alkoxysulfonium salt 3, this particular 
substrate was chosen. 
Multivariate screening was employed in contrast to univariate screening, 
which is more commonly used. The benefit of a multivariate approach includes 
the detection of possible dependencies between parameters. Because 
multivariate experiments tend to require a large number of experiments when 
all possible combinations of settings would be screened, experimental design 
methodology should be used. In this paper, D-optimal designs are employed, 
based on linear models containing up to cubic terms. Using linear regression, 
non-significant terms were removed from the equation in a stepwise fashion, 
which eventually was refit using only relevant terms. It was this method that 
eventually was used for visualisation and determination of the optimal reaction 
conditions.  
The reaction parameters which were selected and screened simultaneously 
are listed in Table 5.1. The actual goal of optimisation was chosen to be the 
aldehyde yield. In commercial chemical manufacturing, other goals for 
optimisation are typical such as space-time yield and overall production rate 
versus costs. However, we felt that for simplicity reasons, yield is a better 
choice for demonstration of this method’s viability. After optimisation, the 
optimal reaction condition was applied to a larger continuous flow reactor to 
validate scalability. 
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Table 5.1. Overview of experimental parameters in three optimisation runs 
# Dimen-
sions 
Expe-
riments
Reaction 
time 
TFAA : 
Substrate 
Stoich. 
Temp. DMSO : 
Substrate 
Stoich. 
Substrate 
concen-
trationa 
 s °C [M] 
1 2 126 0.2 – 20 1.0 – 9.6 2
3
5 0.5 
2 3 55b 0.04 – 3.55 1.0 – 8.0 25 – 70 5 0.5 
3 5 180b 0.04 – 3.55 1.0 – 8.5 25 - 70 2.5 - 10 0.15 – 0.25 
a in feed liquid; b D-optimal selections 
5.2. Results and Discussion 
5.2.1. Microreactor setup 
Schematic representations of the microreactor setups are shown in 
Figure 5.1. All parts within the dotted line consist of one single glass chip with 
single-sided wet etched channels of 55 x 120 µm.  
 
 
 
Figure 5.1 Microreactor setups 1 and 2, with relevant reactor volumes designated ‘R1’ and ‘R2’. 
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Mixing times could be held sufficiently low even without further specific 
channel geometries: even at the highest flow rates diffusive mixing in the 
straight mixing channels was kept well below the total residence time, mainly 
due to low viscosities and fast diffusive properties of the small molecules. The 
channel volumes determining the reaction time, designated as R1 and R2, are 
indicated in Figure 5.1.  
5.2.2. Run 1: Reaction time and TFAA stoichiometry 
In the first optimisation run at room temperature, setup no. 1 (Figure 5.1) 
was used. Reaction time and TFAA stoichiometry relative to alcohol substrate 
were simultaneously varied in the range from 0.2 to 20 s and from 2 to 9, 
respectively, resulting in two-dimensional plots. The results from 126 
experiments were visualised by local interpolation and generation of a simple 
contour plot (Figure 5.2a). For the calculation of the interpolation, the simple 
linear matlab algorithm griddata with default linear settings was used. However, 
in order to locate the optimum value for reaction yield, curve fitting was 
required. Results from third-order two-dimensional curve fitting are shown in 
Figure 5.2b. It must be noted that regulating the stoichiometric ratio was 
performed by varying the flow rates of the benzyl alcohol / DIPEA / DMSO 
solution and the TFAA solution. One can argue that due to different flow rates 
also the two reagent streams occupied different volumes in the microreactor, 
which could have an influence on the diffusion time and hence the reaction 
efficiency. However, repeating the experiment with different TFAA 
concentrations but identical overall stoichiometry ratios yielded similar results 
(data not shown). Subsequently, a polynomial model was prepared from a D-
optimal selection of the experimental data (30 experiments), resulting in a very 
similar plot (Figure 5.2c). This confirms the hypothesis that a D-optimal 
experimental design can be applied to perform multidimensional reaction 
screening, drastically decreasing the required number of experiments. 
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Figure 5.2 Yield of aldehyde 4 in run 1 at room temperature, shown as contour plots: a) 
Interpolated response, b) third-order curve fitting, c) third-order curve fitting on selection of D-
optimal design (n = 30). 
 
Figure 5.3: Yield of aldehyde 4 in run 2, shown as a three-dimensional slice plot: locally 
interpolated data (left) and model fit (right) 
5.2.3. Run 2: Additional factor temperature 
In the next step, reaction temperature was investigated as a third 
parameter. Conventionally, the Swern-Moffatt oxidation is performed at low 
temperatures, typically as low as -78 °C. While it was previously shown that the 
reaction temperature can be raised to room temperature while retaining 
chemoselectivity, we aimed to increase reaction temperature even further and 
evaluate reaction performance in terms of yield and selectivity. 
In Figure 5.3, the modelled aldehyde yield for experiment 2 is shown, 
clearly indicating optimal reaction parameters near 0.5 s reaction time, a TFAA 
90 
Chapter 5
  
 
stoichiometry of 7 and a temperature of 45 °C. For the linear interpolation the 
matlab algorithm interp3 with default linear settings was used. It must be noted 
that the optimum in reaction time here is somewhat different than found in the 
previous experiment. As visible in the slice plot, however, reaction yield is 
stable over a rather broad range of different reaction times, from 
approximately 0.3 s up to several seconds. Thus, it can be concluded that 
although fast mixing and a short reaction time are required to prevent the 
reactive intermediate 2 from decomposing, the alkoxysulfonium salt 3 is stable 
in the timescale of a second, even at elevated temperatures. 
5.2.4. Run 3: DMSO stoichiometry and substrate concentration 
In the final part of the experiment, any possible influences of DMSO 
stoichiometry relative to alcohol substrate and the concentration of the alcohol 
substrate were also taken into account, leading us to a five-dimensional 
optimisation run. A total number of 180 experiments were run. The results 
were again modelled following a cubic polynomial approach. Optimal values 
for all parameters were found and listed in Table 5.2. 
Table 5.2 Overview of optimal reaction conditions  
Parameter Optimal Value 
Temperature 70 °C
Reaction time 0.032 s
Substrate concentration in reactor 0.17 M
TFAA Stoichiometry 6
DMSO Stoichiometry 9
Residence time unit dimensions (diameter x length) 0.125 x 40 mm
Total substrate throughput 0.50 g/h
 
These optimal settings were used to visualise the actual model of the 
aldehyde yield (Figure 5.4, upper matrix for aldehyde yield). Each contour plot 
represents a two-dimensional cross-section of the five-dimensional space. All 
other parameters were fixed at the optimal settings.  
It is clear that DMSO and TFAA stoichiometry have a dramatic effect on 
the reaction rate. The same can be concluded from the reaction time. The two 
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other parameters, overall reaction concentration and temperature, seem to 
have much less effect on reaction efficiency. Furthermore, significant 
parameter dependencies between on the one hand TFAA and DMSO 
stoichiometry and on the other hand TFAA stoichiometry and reaction time 
were observed, demonstrating the need for simultaneous multidimensional 
screening. Reaction time and temperature as single parameters showed that the 
actual optimal setting is on the edge of the parametric domain chosen. This 
means that somewhat higher aldehyde yields can be expected at even lower 
reaction times and higher temperatures. This opens opportunities for further 
investigations searching for the absolute limit of reaction efficiency. 
Very low amounts of thiomethylether 6 were observed, approaching 
detection limits. Unlike Van der Linden, who reported reduced stability of the 
trifluoroacetyl ester in samples diluted with THF for HPLC, we detected no 
instability of this analyte when dichloromethane was used as the diluting 
solvent. Because the trifluoracetyl ester 8, presumably resulting from the 
Pummerer rearrangement, was detected at significant levels, the ratio between 
the ester and the desired aldehyde served as an important indicator for reaction 
selectivity, while the amount of aldehyde being formed served as the standard 
yield indicator. 
In the lower matrix of Figure 5.4, the model for byproduct 8 formation is 
visualised. In most of the experimental domain, byproduct formation is very 
low. At low DMSO and high TFAA concentrations, however, the formation 
of byproduct 8 steeply increases. Interestingly, these results indicate a pathway 
of formation of byproduct 8 via direct esterification of the alcohol by TFAA, 
rather than via Pummerer rearrangement as suggested by Van der Linden. 
 
 
92 
Chapter 5
  
 
 
 
  93 
  Automated optimisation of Swern-Moffatt oxidation at elevated temperatures 
  
 
Figure 5.4 (left page): Yields of aldehyde 4 (top) and formation of byproduct 8 (bottom) in run 
3, shown as matrix contour plots. Each contour plot is a cross-section of the model space. The 
set of optimal conditions is used as fixed values for the remaining dimensions in each contour 
plot, being shown as bold lines. 
5.2.5. Preparative scale continuous reaction 
The final step was to transfer the optimal conditions from the 140 nL to a 
500 nL internal volume microreactor in order to conduct the same oxidation at 
a preparative scale. For this purpose, a standard commercially available 
stainless steel continuous flow reactor with an internal diameter of 125 µm was 
selected and the optimal settings from the screening experiments were applied 
(Table 5.2). The reaction fluids were continuously pumped through the reactor 
for approximately 2 hours, with a substrate throughput of 0.5 g/h. The 
aldehyde yield of the outflow was monitored at intervals and always appeared 
>96% with only traces of byproduct based on GC analysis, confirming that the 
initially identified optimal oxidation conditions can also be successfully used in 
a larger microreactor system, while aldehyde yields compare favourably to 
those found by Kawaguchi et al. (75% yield at 20 °C) and Van der Linden et al. 
(84% at 20 °C). Furthermore, the observation that this particular reaction is 
easily scaled up to higher diameter tubing is in line with the findings of Van der 
Linden et al., indicating that mixing efficiency is not a limitation up to a certain 
tubing diameter. 
5.3. Conclusion 
We have shown that it is possible to employ an automated microreactor 
platform to optimise a very fast and exothermic reaction. Five factors 
(temperature, substrate concentration, stoichiometries of two reagents and 
reaction time) were investigated simultaneously in continuous flow 
microreactors in an automated fashion for optimisation of the selective 
oxidation of benzyl alcohol to benzaldehyde. Employing a very short mixing 
and reaction time of only 32 ms, the optimal reaction temperature was found 
to be 70 °C, approximately 150 °C higher than conventional batch conditions. 
This remarkable difference shows both the potency of continuous flow 
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chemistry as well as the urgency of a paradigm shift in reaction parameters for 
continuous flow conditions.  
The optimal conditions were also applied to a larger microreactor system 
to synthesise the aldehyde product at a preparative scale. In conclusion, the 
oxidation could be performed at around 96% conversion in a continuous flow 
microreactor, both at small and at preparative scale, which clearly underlines 
the potential of flow chemistry in organic synthesis. Furthermore, efficient 
multivariate screening is required when multiple parameters have an effect on 
reaction efficiency because of parameter dependency. 
5.4. Experimental section 
GC analysis: All GC analyses were performed off-line. The effluent of the 
microreactor was diluted using dichloromethane marked with an internal standard in 
order to constantly monitor flow rates as we demonstrated earlier.14 GC analysis was 
performed on a Shimadzu GC 2010 GC-FID equipped with a Quadrex 007 1701 
column (length: 10 m, internal diameter: 0.1 mm, film thickness: 0.1 µm), using a 
temperature program starting at 98 °C for 0.85 min with subsequent ballistic heating 
with a set temperature of 235 °C for 1.0 min, a linear flow rate of 1 m/s and a split 
ratio of 750. An analysis cycle time of approximately 3 min could be used. 
Microreactor setup: All syringes (Harvard apparatus; high pressure syringe, 2 
mL) mounted on a syringe pump (New Era; type NE-1000 or NE 500) were 
connected to FEP tubing (1.59 mm OD, 254 µm ID). At the end of each tubing, a 
special ‘flat bottom headless nut’ (Upchurch Scientific; type: M 660) was mounted 
which pressed down onto a flat bottom ferrule (Upchurch Scientific; type: M 650) to 
achieve a leak free fluid connection to the microreactor. The microreactor was placed 
in a custom-designed chip holder15 with threaded holes on the top side in which the 
nuts were screwed. For temperature control, a custom-designed heater (peltier 
element) was used, which was slid into the microreactor chipholder and contacted to 
the microreactor’s bottom side. A stainless steel needle (UpChurch Scientific; type U 
106 1/100" ID 1/16" OD, custom prepared needle tip) was used as outlet. A sample 
robot (Gilson 223) was used to dispense all samples during reaction screening. The 
pumps, robot and temperature controller were automatically controlled with a custom-
designed software program (developed by Fraunhofer IMS, Duisburg, Germany). 
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Microreactor: The actual microreactor was fabricated from borosilicate glass by 
Micronit Microfluidics BV, Enschede, The Netherlands (HF-etched). Chip 
dimensions: length 45 mm, width 15 mm, height 2.2 mm. Channel dimensions: width 
120 μm, depth 55 μm, total length 26 or 1320 mm, depending on desired residence 
time. Reaction volumes were 0.14 or 7.02 µL, respectively. 
Run 1 and 2 using setup 1: The first syringe was loaded with liquid A containing 
benzyl alcohol 1 (R = Ph) (1.35 g, 12.5 mmol), DMSO (4.88 g, 62.5 mmol) and 1-
bromo-3,5-dimethylbenzene (2.04 g, 11.0 mmol, internal standard) dissolved in 
dichloromethane (total volume 25 mL). The second syringe was loaded with liquid B 
containing TFAA (5.25 g, 25 mmol) and 1,2-dichlorobenzene (1.95 g, 13.3 mmol, 
internal standard) dissolved in dichloromethane (total volume 25 mL). The third 
syringe was filled with DIPEA (liquid C, neat). Liquid D was prepared by dissolving 1-
bromonaphthalene (0.1% v/v, internal standard) in dichloromethane. Syringes with 
liquids A to C were then connected to the microreactor system. Of each reaction 
mixture, 20 μL was collected in 500 μL of liquid D. Due to the varying flow rates, 
sampling times differed for every experiment. All reaction conditions were randomised. 
All samples were analyzed with GC. Retention times were 0.77, 0.81, 0.91, 1.10, 1.17, 
1.77 min for benzaldehyde 4, TFA ester 8, 1,2-dichlorobenzene, benzyl alcohol 1, 1-
bromo-3,5-dimethylbenzene and 1-bromonaphthalene, respectively. 
Run 3 using setup 2: The first syringe was loaded with liquid A containing 
benzyl alcohol 1 (R = Ph) (2.70 g, 25.0 mmol) and 1-bromo-3,5-dimethylbenzene (2.04 
g, 11.0 mmol, internal standard) dissolved in dichloromethane (total volume 25 mL). 
The second syringe was loaded with liquid B containing DMSO (9.76 g, 125 mmol) 
and 1,3,5-trimethylbenzene (1.30 g, 10.8 mmol, internal standard) dissolved in 
dichloromethane (total volume 25 mL). The third syringe was loaded with liquid C 
containing TFAA (21.0 g, 100 mmol) and 1,2-dichlorobenzene (1.95 g, 13.3 mmol, 
internal standard) dissolved in dichloromethane (total volume 25 mL). The fourth 
syringe was loaded with liquid D containing 1,3-dimethylnaphthalene (1.47 g, 9.43 
mmol, internal standard) dissolved in dichloromethane (total volume 25 mL). The fifth 
syringe was filled with DIPEA (liquid E, neat). Liquid F was prepared by dissolving 1-
bromonaphthalene (0.1% v/v, internal standard) in dichloromethane. Syringes with 
solutions A to E were then connected to the microreactor system. Of each reaction 
mixture, 20 μL was collected in 500 μL of liquid F. Due to the varying flow rates, 
sampling times differed for every experiment. All reaction conditions were randomised. 
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All samples were analyzed with GC. Retention times were 0.63, 0.77, 0.81, 0.91, 1.10, 
1.17, 1.63, 1.77 min for 1,3,5-trimethylbenzene, benzaldehyde 4, TFA ester 8, 1,2-
dichlorobenzene, benzyl alcohol 1, 1-bromo-3,5-dimethylbenzene, 1,3-
dimethylnaphthalene and 1-bromonaphthalene, respectively. 
Reaction in the larger scale continuous flow system: A stainless steel 
microreactor (IDEX, Oak Harbor WA, internal volume 0.50 µL between two mixers) 
was used in combination with two commercially available T-junctions (IDEX, Oak 
Harbor WA) acting as mixers, analogous to microreactor setup 1. The reactor was 
submerged in an oil bath and the three inlets of the T-junctions were connected to the 
syringes. The following solutions were prepared: Liquid A: benzyl alcohol 1 (R = Ph) 
(3.68 g, 34 mmol), DMSO (23.9 g, 306 mmol) and 1,3,5-trimethylbenzene (3.04 g, 25.3 
mmol, internal standard) dissolved in dichloromethane (total volume 100 mL). Liquid 
B: TFAA (42.8 g, 204 mmol) dissolved in dichloromethane (total volume 100 mL). 
Liquid C: DIPEA, neat. The flow rates of pumps A, B and C were set to 450, 450 and 
300 µL·min-1, respectively, corresponding to a total reaction time of 0.032 s. After 
stabilizing the system for 1 min, the outflow was collected for 127 min. Subsequently, 
the effluent collected was worked up by the following procedure: The mixture (∼150 
mL) was diluted with dichloromethane (200 mL) and washed with 1M HCl (2 × 200 
mL) and brine (150 mL). The organic phase was dried on MgSO4 and concentrated in 
vacuum. The residue was purified by standard flash chromatography using 3% (v/v) 
diethyl ether in pentane as eluent and concentrated in vacuum to yield 1.70 g of benzyl 
alcohol as a colourless liquid. 
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5.5. Experimental data 
5.5.1. Run 1, raw data 
Setting # a Reaction timeb TFAA Stoichiometryb Aldehyde yieldc 
s % 
1 5.789 6.834 61.8 
1 4.905 6.682 61.0 
1 4.795 6.611 60.6 
2 2.053 9.767 58.3 
2 2.014 9.385 58.0 
2 2.031 9.583 57.5 
3 2.084 6.625 57.3 
3 2.163 7.989 56.6 
3 2.112 7.749 56.8 
4 0.946 3.309 43.3 
4 0.880 3.293 42.4 
4 0.881 3.291 42.4 
5 2.230 1.902 27.8 
5 2.153 1.895 27.0 
5 2.114 1.863 28.4 
6 4.387 8.957 61.3 
6 4.423 8.931 61.0 
6 4.381 9.321 59.2 
7 4.379 7.259 62.0 
7 4.353 7.281 61.8 
7 4.302 7.200 61.5 
8 0.887 4.799 61.4 
8 0.894 4.819 61.1 
8 0.935 4.924 58.5 
9 0.923 1.899 30.0 
9 1.009 1.890 30.8 
9 0.926 1.912 30.2 
10 4.583 3.109 54.7 
10 4.548 3.173 55.8 
10 4.489 3.184 55.4 
11 4.813 1.891 31.7 
11 4.760 1.886 31.6 
11 4.811 1.907 31.4 
12 0.912 9.024 57.8 
12 0.898 8.925 59.0 
12 0.888 9.011 59.0 
13 2.023 4.578 56.9 
13 1.999 4.576 61.5 
13 2.001 4.645 62.3 
14 4.399 4.649 59.3 
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14 4.402 4.520 59.4 
14 4.347 4.471 59.3 
15 0.916 7.172 60.2 
15 0.879 7.045 60.8 
15 1.059 6.903 59.1 
16 1.975 7.386 62.0 
16 1.937 7.175 62.3 
16 1.975 7.182 61.9 
17 0.866 5.987 62.3 
17 0.870 6.013 62.4 
17 0.875 5.989 62.1 
18 2.054 3.364 48.1 
18 2.046 3.415 49.0 
18 2.050 3.447 49.7 
19 21.831 4.568 57.0 
19 21.802 4.626 57.4 
19 21.361 4.683 57.1 
20 9.378 5.951 56.9 
20 9.655 6.004 56.9 
20 9.556 6.079 57.1 
21 24.115 1.956 27.6 
21 23.257 2.057 29.1 
21 22.977 2.021 28.5 
22 10.226 3.371 50.7 
22 10.517 3.435 51.9 
22 9.952 3.311 50.0 
23 9.439 7.692 55.5 
23 9.402 7.534 55.7 
23 9.318 7.769 54.5 
24 10.934 1.979 27.2 
24 10.144 2.069 28.6 
24 10.437 2.038 28.3 
25 9.537 9.146 57.2 
25 9.597 9.411 57.2 
25 9.621 9.610 57.8 
26 21.778 3.155 45.2 
26 22.521 3.212 45.9 
26 21.989 3.367 45.1 
27 20.586 8.317 53.6 
27 21.115 8.240 53.8 
27 20.357 8.100 54.5 
28 20.657 7.077 55.1 
28 21.011 7.049 54.5 
28 20.931 7.152 54.7 
29 9.846 4.514 58.7 
29 9.649 4.526 58.2 
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29 9.801 4.623 58.3 
30 21.394 5.973 55.9 
30 21.561 6.056 56.5 
30 21.098 6.072 55.5 
31 0.395 8.189 59.3 
31 0.400 8.179 60.0 
31 0.396 8.261 59.6 
32 0.205 1.938 17.8 
32 0.192 1.891 17.1 
32 0.192 1.876 17.2 
33 0.184 5.830 53.3 
33 0.177 5.812 53.0 
33 0.180 5.799 51.3 
34 0.400 5.846 53.1 
34 0.400 5.832 53.3 
34 0.399 5.864 53.1 
35 0.414 3.122 34.4 
35 0.411 3.202 34.3 
35 0.410 3.267 36.1 
36 0.451 1.962 15.4 
36 0.417 1.884 16.5 
36 0.414 1.887 17.4 
37 0.182 7.320 55.3 
37 0.181 7.108 54.9 
37 0.176 7.085 54.8 
38 0.416 4.438 47.4 
38 0.392 4.492 48.0 
38 0.407 4.579 48.7 
39 0.188 3.181 31.8 
39 0.186 3.218 32.6 
39 0.188 3.292 33.3 
40 0.177 8.124 55.6 
40 0.177 8.138 55.7 
40 0.177 8.196 55.8 
41 0.402 7.095 59.7 
41 0.397 7.143 59.8 
41 0.798 7.348 59.2 
42 0.216 3.872 37.6 
42 0.177 4.654 41.8 
42 0.181 4.598 43.4 
a All settings were run in triplicate; b Values corrected by internal standard flow calculation; c Calibrated GC 
data. 
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5.5.2. Run 1, model 
Factors and responses are defined as: 
Y Aldehyde yield (1/1) 
x1 log(time (s)) 
x2 TFAA stoichiometry 
 
The polynomial fit resulting from all raw data (a random selection of N = 96 
as model training data were made from all 126 data points; 30 remaining were 
used as model validation): 
Y = -0.2471 + 0.1653 x1 + 0.38385 x2 -0.0149 x1x2 – 0.0479x22-0.0923 x12 +0.00193 x23 
The polynomial fit resulting from D-optimal selected data (a D-optimal 
selection of N = 30 as model training data were made from all 126 data points; 
30 randomly selected points were used as model validation): 
Y = -0.2641 + 0.1516 x1 + 0.39075 x2 -0.0136 x1x2 – 0.04976 x22-0.0799 x12 +0.00209 
x23 
Model evaluation 
Root mean square error of calibration (RMSEC) and root mean square error of 
prediction (RMSEP) values were determined: 
 
 RMSEC (internal 
validation) 
RMSEP (external 
validation) 
All data (N = 96) 0.0288 0.0200 
D-optimal (N = 30) 0.0515 0.0509 
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5.5.3. Run 2, raw data 
Setting #a Reaction 
timeb 
TFAA 
Stoichiometryb 
Temperature Aldehyde yieldc 
 s °C % 
1 2.280 5.741 25 65.0 
2 0.051 5.334 25 72.6 
3 0.066 0.897 25 37.7 
4 2.863 1.131 25 44.4 
5 2.605 2.894 25 75.3 
6 0.054 4.792 25 61.5 
7 2.291 6.296 25 59.7 
8 0.056 0.838 55 32.8 
9 2.358 6.271 55 77.5 
10 0.341 3.999 55 86.7 
11 2.331 2.592 55 60.5 
12 2.355 1.104 55 23.6 
13 0.048 0.991 70 28.7 
14 2.866 4.259 70 35.7 
15 0.049 2.348 70 74.3 
16 0.059 5.144 70 69.1 
17 0.053 0.955 70 24.1 
18 2.062 1.114 70 14.7 
19 0.054 0.930 70 29.0 
20 2.137 2.658 70 30.6 
21 2.389 6.955 70 56.8 
22 0.044 3.096 40 31.6 
23 0.061 5.342 40 67.6 
24 0.354 5.443 40 72.0 
25 0.049 5.407 40 77.5 
26 0.055 4.455 40 69.7 
27 2.757 0.992 40 30.7 
28 2.447 0.891 40 32.9 
29 0.357 1.028 40 41.8 
30 2.260 7.261 40 0.0 
31 0.368 4.133 25 73.3 
32 0.387 2.394 25 76.7 
33 2.479 0.926 25 46.2 
34 0.056 0.883 25 22.2 
35 0.151 3.726 25 62.0 
36 2.353 6.586 25 64.9 
37 0.062 5.176 25 53.9 
38 2.186 3.935 40 78.0 
39 2.338 6.439 40 76.1 
40 0.060 0.908 40 34.8 
41 2.307 2.344 40 72.3 
42 0.064 0.839 40 34.1 
43 0.136 3.603 55 75.7 
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44 0.402 1.110 55 20.3 
45 0.053 2.138 55 70.0 
46 2.278 5.097 55 78.5 
46 2.278 5.097 55 78.5 
47 2.418 1.017 55 28.6 
48 0.060 4.280 55 71.7 
49 0.150 3.699 55 75.2 
50 0.914 3.885 55 76.6 
51 2.595 4.247 55 76.9 
52 0.156 3.628 70 65.6 
53 0.389 5.263 70 66.4 
54 0.059 4.856 70 71.8 
55 0.065 5.269 70 70.5 
56 0.166 3.809 70 73.8 
58 0.428 0.887 70 26.6 
59 0.055 5.015 55 70.7 
60 0.388 2.315 55 65.1 
61 0.362 5.433 55 81.5 
62 0.056 0.938 55 38.5 
63 0.055 5.226 55 70.3 
64 0.143 3.912 25 74.9 
65 0.392 4.786 25 69.8 
66 0.068 2.187 25 68.2 
67 0.061 0.861 25 34.4 
68 2.773 1.061 25 41.0 
68 2.524 1.275 25 50.1 
69 0.370 0.939 25 40.3 
70 0.053 4.964 25 64.0 
71 2.654 4.532 25 77.5 
72 0.910 3.585 25 79.5 
73 0.156 4.150 40 77.0 
74 0.946 4.190 40 77.8 
75 0.398 2.330 40 69.0 
76 0.447 4.111 40 77.0 
77 0.169 4.031 40 67.6 
78 1.780 4.477 70 48.5 
79 0.055 5.026 70 68.6 
80 0.394 4.623 70 69.1 
81 2.204 1.098 70 12.1 
82 2.588 0.865 70 14.0 
83 1.020 3.486 70 58.7 
84 0.376 2.219 70 54.9 
90 0.049 9.718 25 58.9 
91 0.049 9.630 25 59.5 
97 0.150 9.299 40 75.9 
a Some outliers were removed; b Values corrected by internal standard flow calculation; c calibrated GC data. 
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5.5.4. Run 2, model 
Factors and responses are defined as: 
Y Aldehyde yield (1/1) 
x1 log(time (s)) 
x2 TFAA stoichiometry 
x3 Temperature (°C) 
 
The polynomial fit resulting from all raw data (a random selection of N = 60 
as model training data were made from all 90 data points; 30 remaining were 
used as model validation): 
Y = 0.0115x1 +  0.2013x2  +  0.0152x3 + 0.0006x2x3 – 0.0976x12 - 0.0270x22 - 0.0002 x32  - 
4.00.10-5 x1x32+ 9.0.10-4x23
Model evaluation 
Root mean square error of calibration (RMSEC) and root mean square error of 
prediction (RMSEP) values were determined: 
 RMSEC (internal 
validation) 
RMSEP (external 
validation) 
All data (N = 60) 0.08024 0.09124 
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5.5.5. Run 3, raw data 
Setting 
# 
Temp Substrate 
concen-
tration 
Reaction 
time 
TFAA 
Stoichio-
metrya 
DMSO 
Stoichio-
metry 
Aldehyde 
yieldb 
Byproduct 
formationb 
 °C M s % % 
1 25 0.224 0.035 0.95 5.66 23.7 15.9 
2 25 0.171 0.032 1.06 9.92 11.0 37.0 
3 25 0.159 0.035 1.52 14.38 21.4 0.0 
4 25 0.161 0.036 1.83 17.08 20.0 24.5 
5 25 0.233 0.034 3.50 2.43 64.8 40.9 
6 25 0.164 0.033 3.61 7.56 81.4 14.7 
7 25 0.113 0.036 7.72 20.14 48.8 0.0 
8 25 0.141 0.035 3.41 9.83 78.3 11.2 
9 25 0.153 0.034 7.70 2.56 24.9 98.4 
10 25 0.226 0.034 7.38 2.37 24.9 103.5 
11 25 0.132 0.034 7.56 4.91 59.1 49.1 
12 25 0.241 0.034 6.67 4.45 64.0 49.6 
13 25 0.144 0.033 6.32 9.25 69.6 21.3 
14 25 0.217 0.034 6.58 9.82 81.8 19.1 
15 25 0.163 0.032 9.39 2.13 16.3 111.0 
16 25 0.217 0.034 10.38 0.09 16.5 114.0 
17 25 0.219 0.029 11.07 2.23 18.6 108.9 
18 25 0.098 0.031 13.78 8.31 50.6 58.5 
19 25 0.126 0.032 11.16 8.19 71.3 45.1 
20 25 0.130 0.032 11.86 9.90 72.0 31.6 
21 25 0.177 0.034 9.17 9.62 76.0 27.5 
22 25 0.234 0.178 1.13 4.95 39.7 11.8 
23 25 0.209 0.176 1.17 7.63 33.0 7.5 
24 25 0.194 0.171 1.08 10.77 8.4 21.7 
25 25 0.241 0.170 3.89 9.70 70.4 15.7 
26 25 0.159 0.166 7.56 2.55 27.4 89.2 
27 25 0.136 0.168 7.16 4.88 66.0 50.9 
28 25 0.128 0.169 10.43 2.56 23.4 85.7 
29 25 0.215 0.173 8.75 4.57 39.8 76.6 
30 25 0.094 0.171 14.71 16.62 51.6 41.6 
31 25 0.156 0.165 10.99 10.74 77.4 24.2 
32 40 0.231 0.034 1.03 7.93 14.3 34.2 
33 40 0.165 0.033 0.56 10.85 7.8 0.0 
34 40 0.197 0.035 3.36 5.41 78.2 19.5 
35 40 0.243 0.031 3.62 9.68 76.2 13.2 
36 40 0.128 0.033 7.45 11.07 81.1 14.7 
37 40 0.218 0.034 6.41 9.90 82.2 20.1 
38 40 0.128 0.034 10.35 2.63 23.6 96.9 
39 40 0.131 0.034 9.93 2.54 22.7 97.1 
40 40 0.192 0.030 10.63 5.18 42.4 75.1 
41 40 0.230 0.178 0.90 5.48 6.7 28.0 
42 40 0.132 0.172 3.25 11.11 69.1 19.0 
43 40 0.211 0.167 7.88 2.77 31.0 87.6 
44 40 0.217 0.165 10.87 2.64 16.5 98.3 
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45 55 0.220 0.033 1.14 5.67 18.9 45.8 
46 55 0.178 0.034 0.34 9.67 5.3 0.0 
47 55 0.217 0.034 3.88 2.70 65.6 42.0 
48 55 0.198 0.034 3.38 11.02 55.9 32.6 
49 55 0.152 0.033 7.40 2.74 40.7 80.3 
50 55 0.240 0.034 6.63 2.33 42.3 78.8 
51 55 0.138 0.034 6.61 4.79 66.1 45.2 
52 55 0.238 0.029 9.40 2.30 26.3 99.2 
53 55 0.174 0.034 8.91 7.27 70.5 36.5 
54 55 0.129 0.032 10.83 11.02 74.1 21.1 
55 55 0.159 0.031 10.57 10.93 75.5 25.7 
56 55 0.135 0.169 3.45 10.32 59.9 0.0 
57 55 0.225 0.173 4.00 11.00 56.6 9.0 
58 55 0.189 0.174 10.63 2.88 26.7 91.2 
59 55 0.128 0.165 10.47 8.22 79.7 27.5 
60 70 0.199 0.034 0.95 8.62 18.0 3.9 
61 70 0.223 0.032 1.25 8.42 24.1 13.1 
62 70 0.156 0.032 1.09 11.26 11.4 34.7 
63 70 0.259 0.032 0.95 9.47 11.4 22.9 
64 70 0.218 0.034 3.89 2.83 73.2 38.0 
65 70 0.207 0.035 3.35 5.00 76.7 21.5 
66 70 0.134 0.034 3.41 10.79 74.6 10.8 
67 70 0.251 0.032 3.14 9.87 58.3 11.3 
68 70 0.167 0.034 6.84 2.32 41.7 79.6 
69 70 0.138 0.033 6.98 4.73 71.3 38.5 
70 70 0.238 0.033 6.88 4.70 69.5 38.8 
71 70 0.133 0.034 7.92 10.21 80.4 18.2 
72 70 0.212 0.032 7.04 9.74 76.7 25.3 
73 70 0.130 0.034 11.05 2.24 31.8 86.8 
74 70 0.164 0.033 10.22 2.16 29.8 91.1 
75 70 0.235 0.029 9.75 2.39 31.2 91.0 
76 70 0.208 0.030 9.65 4.91 54.6 57.9 
77 70 0.141 0.035 9.75 6.78 65.9 44.1 
78 70 0.169 0.032 10.08 9.91 74.4 31.1 
79 70 0.180 0.175 0.77 9.49 9.2 0.0 
80 70 0.224 0.180 0.77 9.36 7.7 0.0 
81 70 0.241 0.176 3.12 2.33 76.4 33.6 
82 70 0.226 0.168 3.94 7.78 72.4 12.7 
83 70 0.132 0.168 7.45 4.92 70.5 36.8 
84 70 0.221 0.166 8.04 4.90 66.1 41.0 
85 70 0.170 0.171 7.48 9.35 84.2 14.6 
86 70 0.129 0.178 10.88 2.52 31.7 86.9 
87 70 0.199 0.185 10.49 2.20 29.1 92.3 
88 70 0.160 0.164 11.09 7.43 69.4 35.3 
89 70 0.141 0.169 9.91 9.81 81.1 14.8 
90 25 0.176 1.110 0.92 9.87 14.3 14.1 
91 25 0.240 1.403 3.45 2.19 50.8 51.2 
92 25 0.140 1.127 3.35 10.18 52.0 19.6 
93 25 0.258 1.060 3.08 9.15 51.5 8.6 
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94 25 0.252 1.287 6.36 1.83 21.8 109.8 
95 25 0.173 1.097 6.60 9.80 67.5 15.5 
96 25 0.134 1.172 10.78 2.11 14.8 111.0 
97 25 0.243 1.028 8.97 2.24 16.0 112.9 
98 25 0.197 1.141 10.98 4.95 28.5 93.7 
99 25 0.143 1.171 9.56 6.95 59.7 50.3 
100 25 0.235 3.259 1.04 5.28 39.9 21.8 
101 25 0.212 3.156 1.30 7.26 29.5 62.3 
102 25 0.237 3.282 0.92 8.03 26.8 30.6 
103 25 0.173 3.117 0.90 10.31 28.7 10.6 
104 25 0.235 3.177 1.10 10.79 18.0 55.4 
105 25 0.210 3.573 3.15 4.75 72.2 15.7 
106 25 0.244 3.122 3.35 10.05 76.8 4.7 
107 25 0.162 3.308 7.40 2.52 21.0 110.0 
108 25 0.174 4.663 6.83 2.67 13.7 105.1 
109 25 0.136 4.348 7.42 4.99 49.9 63.4 
110 25 0.244 3.273 6.86 4.17 48.8 67.0 
111 25 0.205 3.177 7.05 7.70 77.2 23.6 
112 25 0.142 3.179 6.91 9.84 77.9 16.0 
113 25 0.206 3.096 7.12 10.42 79.4 15.1 
114 25 0.144 2.942 9.47 3.05 18.3 109.7 
115 25 0.204 3.319 9.79 2.35 14.1 111.4 
116 25 0.230 3.206 9.94 2.36 13.2 115.0 
117 25 0.135 3.680 10.65 4.82 22.1 100.1 
118 25 0.123 3.616 11.94 12.43 77.1 27.9 
119 25 0.160 3.098 11.04 10.31 83.0 17.5 
120 40 0.217 1.119 1.01 7.33 26.3 14.7 
121 40 0.201 1.182 10.49 2.18 21.2 102.4 
122 40 0.132 1.151 10.60 10.78 78.9 18.7 
123 40 0.171 1.088 9.87 10.73 82.3 15.8 
124 40 0.211 3.085 1.03 10.38 19.2 59.4 
125 40 0.246 3.678 0.86 10.51 20.5 44.9 
126 40 0.235 3.669 3.64 2.63 68.6 36.0 
127 40 0.231 3.248 3.44 2.47 69.4 39.9 
128 40 0.143 3.483 2.46 9.98 73.1 8.3 
129 40 0.136 4.570 7.44 4.90 60.8 48.2 
130 40 0.238 4.695 7.02 4.84 66.6 40.1 
131 40 0.162 3.324 10.63 2.19 18.8 103.3 
132 40 0.230 3.310 10.72 2.10 17.4 105.9 
133 40 0.138 3.162 10.38 7.20 64.2 36.8 
134 40 0.169 3.201 10.23 10.11 81.8 17.4 
135 55 0.249 1.095 0.99 7.11 24.8 12.7 
136 55 0.177 0.800 7.15 8.94 0.0 0.0 
137 55 0.172 1.228 7.05 1.80 31.0 92.5 
138 55 0.137 1.148 10.33 1.86 26.3 100.2 
139 55 0.211 3.355 0.98 7.96 32.3 15.4 
140 55 0.169 3.134 1.05 10.63 21.9 40.6 
141 55 0.247 3.322 3.53 4.31 80.1 16.0 
142 55 0.145 3.282 3.54 9.14 68.9 19.0 
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143 55 0.167 3.146 7.75 9.70 80.6 11.7 
144 55 0.203 3.066 7.20 10.64 76.0 6.9 
145 55 0.120 3.198 12.28 2.77 22.3 94.8 
146 55 0.216 3.073 11.24 2.33 21.6 97.3 
147 55 0.205 3.415 10.84 4.29 43.0 72.0 
148 55 0.135 3.347 10.57 10.61 83.4 8.0 
149 70 0.237 1.201 1.08 5.02 25.0 41.9 
150 70 0.226 1.030 0.68 9.78 9.4 9.3 
151 70 0.258 1.232 2.56 2.10 75.0 36.2 
152 70 0.163 1.201 3.48 8.08 62.7 22.1 
153 70 0.139 1.097 3.43 10.69 65.2 22.7 
154 70 0.172 1.165 6.94 1.76 35.1 85.8 
155 70 0.229 1.078 5.73 9.63 73.7 17.7 
156 70 0.235 1.070 5.52 9.42 75.7 15.9 
157 70 0.267 1.267 7.86 2.12 29.9 92.8 
158 70 0.155 1.196 7.91 4.22 52.4 61.2 
159 70 0.143 1.159 10.35 9.61 79.6 19.6 
160 70 0.237 3.276 1.31 4.78 20.1 31.1 
161 70 0.238 3.098 1.19 5.05 19.3 39.3 
162 70 0.172 3.054 1.18 10.20 12.9 43.2 
163 70 0.248 3.008 1.09 9.98 15.7 21.2 
164 70 0.209 3.292 3.40 4.98 64.8 33.7 
165 70 0.232 3.375 3.72 7.91 17.1 63.8 
166 70 0.170 2.863 3.32 10.21 56.9 32.9 
167 70 0.245 3.147 3.71 9.40 54.7 29.1 
168 70 0.170 3.484 7.23 1.83 33.3 87.7 
169 70 0.236 3.524 7.18 2.35 33.8 84.5 
170 70 0.240 3.417 6.89 2.21 33.2 86.4 
171 70 0.154 3.180 7.47 4.59 69.1 37.4 
172 70 0.153 3.560 5.51 6.76 74.8 17.9 
173 70 0.145 3.270 5.69 10.43 68.1 24.7 
174 70 0.138 3.235 10.24 2.21 26.7 91.3 
175 70 0.163 3.447 10.37 2.34 25.3 91.0 
176 70 0.220 2.811 10.57 2.25 28.2 91.4 
177 70 0.212 1.433 3.45 4.98 40.1 72.1 
178 70 0.236 4.142 7.71 4.16 75.1 24.0 
179 70 0.169 3.954 10.20 6.98 71.7 18.9 
180 70 0.191 3.508 10.97 6.27 68.1 18.8 
181 25 0.219 0.165 6.40 9.86 71.2 25.8 
182 55 0.184 0.170 5.79 7.17 81.9 22.2 
183 55 0.224 0.166 6.45 9.23 75.8 19.7 
184 55 0.177 0.169 6.30 10.10 77.5 17.0 
185 55 0.173 0.164 9.68 9.74 77.5 24.1 
186 25 0.140 1.163 6.73 7.28 64.2 25.6 
187 25 0.226 0.907 5.98 9.66 63.3 10.7 
188 40 0.216 1.071 6.70 6.94 84.0 16.4 
189 25 0.254 0.164 5.99 4.62 67.7 44.5 
190 40 0.172 1.127 6.95 7.16 84.5 19.4 
191 40 0.225 3.107 6.36 6.38 84.9 16.6 
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192 55 0.145 1.046 6.40 9.85 78.9 8.7 
193 55 0.175 0.967 9.63 7.07 75.9 28.9 
194 55 0.178 1.034 9.40 9.33 84.3 15.6 
195 40 0.226 0.181 6.13 6.84 75.6 26.8 
196 40 0.185 0.178 6.11 6.69 77.8 25.9 
197 40 0.147 0.170 6.29 6.71 74.6 27.8 
198 40 0.147 0.169 6.42 9.57 77.8 21.4 
199 40 0.177 0.173 9.55 6.60 64.8 42.9 
200 40 0.231 0.170 6.32 8.77 73.0 23.4 
201 55 0.254 0.169 6.11 7.02 75.9 26.2 
a Values corrected by internal standard flow calculation; b calibrated GC data. 
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5.5.6. Run 3, aldehyde yield model equation 
Factors and responses are defined as: 
Y Aldehyde yield (1/1) 
x1 Temperature (°C) 
x2 Alcohol substrate concentration (M) 
x3 log(time (s)) 
x4 TFAA stoichiometry 
x5 DMSO Stoichiometry 
 
The polynomial fit resulting from all raw data (a random selection of N = 143 
as model training data were made from all 201 data points; 58 remaining were 
used as model validation): 
Y = 0.76007 - 0.27052x4 + 0.19181x5 - 0.052429x12 + 0.058175x1x4 - 0.033018x1x5 - 0.14256x42 
+ 0.28337x4x5 - 0.20007x52 + 0.033349x13 - 0.051391x12x3 + 0.061662x1x3x4 + 0.1631 x2x4x5 + 
0.076777x3x42 + 0.78928x43 
 
Model evaluation 
Root mean square error of calibration (RMSEC) and root mean square 
error of prediction (RMSEP) values were determined: 
 
 RMSEC (internal 
validation) 
RMSEP (external 
validation) 
All data (N = 143) 0.072 0.0806 
 
5.5.7. Run 3, byproduct formation model equation 
Factors and responses are defined as: 
Y Byproduct formation (1/1) 
x1 Temperature (°C) 
x2 Alcohol substrate concentration (M) 
x3 log(time (s)) 
x4 TFAA stoichiometry 
x5 DMSO Stoichiometry 
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The polynomial fit resulting from all raw data (a random selection of N = 143 
as model training data were made from all 201 data points; 58 remaining were 
used as model validation): 
Y = 0.25776 + 0.27807x4 - 0.39809x5+ 0.042969x12 - 0.098677x1x4 + 0.061599x1x5 - 
0.095485x3x4 - 0.28769x4x5 + 0.24092x52 - 0.036466x13 - 0.0499x12x4  - 0.061745x1x32 - 
0.14809x1x x4 + 0.049395x1x52 + 0.24999x2x42 - 0.066407x33 - 0.078506x3x4x5 + 0.090158x3x52 + 
0.39789x42x5  
Model evaluation 
Root mean square error of calibration (RMSEC) and root mean square error of 
prediction (RMSEP) values were determined: 
 RMSEC (internal 
validation) 
RMSEP (external 
validation) 
All data (N = 143) 0.082 0.134 
 
5.6. Acknowledgements 
This research was supported with financial aid from EUREGIO Rhine-
Waal (Interreg IIIA). Marco van der Linden, Peter Hilberink, Dr. Claudia 
Kronenburg, and Dr. Gerjan Kemperman (MSD, Oss, the Netherlands) are 
kindly acknowledged for valuable discussions and pleasant collaboration. 
 
5.7. References 
[1] W. Ehrfeld, V. Hessel, H. Löwe, in Microreactors - New Technology for Modern 
Chemistry, John Wiley and Sons, 2000. 
[2] K. Jänisch, V. Hessel, H. Löwe, M. Baerns, Angew. Chem. Int. Ed. 2004, 43, 
406. 
[3] M. Brivio, A. Liesener, R. E. Oosterbroek, W. Verboom, U. Karst, A. Van 
den Berg, D. N. Reinhoudt, Anal. Chem. 2005, 77, 6852. 
[4] P. Watts, C. Wiles, Chem. Commun. 2007, 2007, 443. 
[5] K. Geyer, J. D. C. Codee, P. H. Seeberger, Chem. Eur. J. 2006, 12, 8434. 
  111 
  Automated optimisation of Swern-Moffatt oxidation at elevated temperatures 
  
 
[6] H. Usutani, Y. Tomida, A. Nagaki, H. Okamoto, T. Nokami, J. Yoshida, J. 
Am. Chem. Soc. 2007, 129, 3046. 
[7] D. M. Roberge, L. Ducry, N. Bieler, P. Cretton, B. Zimmermann, Chem. Eng. 
Technol. 2005, 28, 318. 
[8] N. Kockmann, M. Gottsponer, B. Zimmermann, D. M. Roberge, Chem. Eur. 
J. 2008, 14, 7470. 
[9] J. Yoshida, A. Nagaki, T. Yamada, Chem. Eur. J. 2008, 14, 7450-7459. 
[10] H. Pennemann, P. Watts, S. J. Haswell, V. Hessel, H. Lowe, Org. Process Res. 
Dev. 2004, 8, 422. 
[11] D. M. Ratner, E. R. Murphy, M. Jhunjhunwala, D. A. Snyder, K. F. Jensen, P. 
H. Seeberger, Chem. Commun. 2005, 578. 
[12] T. Kawaguchi, H. Miyata, K. Ataka, K. Mae, J. Yoshida, Angew. Chem. Int. Ed. 
2005, 44, 2413. 
[13] J. J. M. van der Linden, P. W. Hilberink, C. M. P. Kronenburg, G. J. 
Kemperman, Org. Process Res. Dev. 2008, 12, 911. 
[14] Chapter 3, This thesis 
[15] H. K. Trieu, J. Slotkowski, R. Klieber, J. C. M. Van Hest, K. Koch, F. P. J. T. 
Rutjes, P. J. Nieuwland, P. Wiebe, Chip holder, fluidic system and chip holder system 
2006, Patent EP2086684B1 
 
 
 
  
  
  113 
     
  
 
6. Where the future flows 
 
In the last decade, significant effort has been invested in the development of flow chemistry 
technology, which led to many (patented) inventions. Researchers have demonstrated the 
benefits of the novel process windows enabled by flow chemistry, including high temperature 
and pressure, photochemistry and electrochemistry. Although many opportunities can be 
identified for flow chemistry, there still remain some important technological challenges to be 
solved, most prominently scaling up, multiphase processing and integration of purification. 
This chapter discusses the current status quo, the major challenges and the impact on 
commercial applications. 
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6.1. Introduction 
In this chapter, a reflection is given on the latest developments in the field 
of flow chemistry, including a discussion on the future of this fast moving 
technology and a qualitative assessment of its commercial impact. 
6.2. Existing technology towards applications 
The combined communities of academic research and commercial 
equipment developers in the area of flow chemistry now have built up a 
significant number of technological toolboxes, which will provide many 
different opportunities in the near future for new chemical products and 
production processes. Chemical and pharmaceutical companies have already 
heavily invested in patents, as has been demonstrated by Dencic et al.1 (Figure 
6.1). 
 
Figure 6.1 Representation of the cumulative number of patents in flow chemistry, from Dencic et al.1 
An excellent review on novel flow chemistry technologies has recently 
been published by Kirschning et al.2 In the following paragraphs, the 
opportunities offered by many of these different implementations of flow 
chemistry are discussed. 
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6.2.1. Integration of analysis 
In Chapter 4, optimisation on microliter scale with subsequent scaling up 
was demonstrated for the Paal-Knorr reaction. This is only one example out of 
many which illustrates the relative efficiency of scaling up of continuous flow 
processes. The integration of different analysis techniques firstly into lab-scale 
optimisation3 and secondly as Process Analysis Techniques in actual 
production processes is promising4, especially because the way of integration in 
both steps is largely comparable. For example, inline infrared spectroscopy 
using a small flow cell5 can be coupled later on in the production process by 
splitting off a small outflow from the actual production flow. The same is true 
for other spectroscopy techniques proven to be valuable in continuous flow 
modes such as UV-Vis and Raman spectroscopy. Inline NMR is also 
developing into a promising analysis tool6, with a great potential of revealing 
novel chemical information e.g. about short living intermediates. 
6.2.2. Hazardous chemistry 
Transitioning processes from batch mode to continuous flow is probably 
the most interesting for reactions involving thermal or toxic hazards. Thermal 
runaways and formation of hot spots can be prevented by the excellent mixing 
and heat transfer efficiency in continuous flow reactors7. Because most current 
industrial processes have been developed for batch mode, it is now a challenge 
for chemical researchers to reevaluate reactions which are too hazardous to be 
performed in batch mode, but can be well controlled in continuous mode.  
6.2.3. Novel process windows 
Process parameters exceeding those feasible in batch modes, such as high 
temperature and high pressure, or ultrashort reaction times, open up new 
opportunities in intensifying processes, thus reaching better space-time yields. 
Again, applying these benefits will require the re-evaluation of existing 
processes currently running at conditions suitable for batch production.8,9 
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6.2.4. Electrochemistry10 
Electrochemistry is an area to which continuous flow operation is not new. 
For decades, dedicated and specific electrochemical reactions have been used 
in industry11. Because the application of an electrical current to a mixture is an 
inherently continuous process, constant supply of starting compounds and 
removal of product material is logical. In addition, there are certain important 
intrinsic benefits of applying continuous reactors because inter-electrode 
distances can be kept small, so that internal resistance is minimised, 
unintended heating decreased and the need for a conducting salt eliminated 
(for an example, see Figure 6.2). The availability of mature technology on the 
one hand, but only minor appearance in actual applications on the other hand 
means that there is much to gain in finding novel opportunities of 
electrochemical approaches to synthesis challenges. 
 
OMe OMe
MeO OMe
MeOH, -4e-
 
Figure 6.2 Photograph of electrochemical microreactor (left) and reaction scheme (right) studied by 
Bystroň et al.12. 
   117 
   Where the Future Flows 
  
 
6.2.5. Photochemistry 
Photochemical reactions play an important role in synthetic chemistry, as 
certain transformations are only accessible by photochemical transitions. One 
problem however is the efficiency and rate of these reactions, making them 
expensive for manufacturing purposes. Because continuous flow reactors can 
be built to create thin films of reaction mixtures around lamps, the efficiency 
can be increased dramatically. Early applications of larger scale set-ups have 
shown the viability of this technology13,14. 
6.2.6. Microwave  
Microwave-assisted heating and reaction activation has a long 
development history. Scaling up difficulties have long been preventing this 
technology to break through in process chemistry, even though there are also 
examples of reactions developed under microwave conditions and scaled up 
under high pressure and regular heating conditions using continuous flow 
reactors. However, recent developments combining microwave irradiation with 
continuous flow have shown major improvements, possibly meaning that 
certain niche reactions, which can only be performed with microwave 
activation, can also be applied on industrial scale in the near future15–17 (an 
example of a pilot plant is shown in Figure 6.3). 
6.3. Technological challenges 
Although many opportunities can be identified for flow chemistry, there 
remain still some important technological challenges to be solved18. Below, the 
main challenge areas for flow chemistry are discussed. 
6.3.1. Integration of unit operations 
In some cases, continuous operation can eliminate certain (non-value adding) 
operations, e.g. purification can be omitted when no byproducts are formed. 
However, there certainly is a need for novel separation and isolation 
techniques when a translation is made from batch to flow19,20. For instance, 
recent advances in membrane technology may replace conventional batch 
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extractions in the near future. If continuous processes prevent the formation 
of undesired side products, but yield pure product instead, batch mode 
purification steps can be omitted, and the complete manufacturing process 
would require a lower amount of operation steps and a smaller footprint. UK 
based firm NiTech Solutions now already offers large scale continuous 
crystallisation technology21. 
 
Figure 6.3 Microwave continuous flow pilot plant developed by C-Tech Innovation Ltd. Flow rates of 
up to 200 mL/min can be employed, and batches of up to 10 L can be processed in a single run. 
Image courtesy of C-Tech Innovation Ltd. 
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6.3.2. Scaling up 
There has been much attention to scaling up microreactors, making 
production scale processing feasible. However, reactors for scales above 
kiloton scale / year are only available on a limited level. There are remaining 
challenges in creating these larger reactors, such as well-controlled flow 
distribution when placing multiple reactors in parallel, retained excellent heat-
transfer and robustness (e.g. fouling of reactors especially in stopped-flow 
conditions). 
6.3.3. Multiphase processes 
Even though multiphase processes, especially gas-liquid reactions in 
combination with solid catalysts, are abundant in the high volume commodity 
chemical industry, they are difficult to conduct on smaller scale as for e.g. 
active pharmaceutical ingredients (API) manufacturing. It will be a challenge to 
create versatile synthesis platforms which are suitable for a wide range of these 
kinds of transformations, but the effort will pay off by offering much more 
efficient and reliable processes1,22. 
6.4. Commercial impact 
In this final section, a rough indication of current and future impact on 
commercial production processes is discussed. The applicability of flow 
chemistry is extremely diverse, and because the desired scale of a process 
depends on the final purpose of that process, separate industrial sectors are 
discussed. 
6.4.1. Pharmaceutical industry and contract manufacturing 
Because the production of active pharmaceutical ingredients mostly 
requires rather modest scales (range of 100-1000 kg/year) and the added value 
of the product is very high, it is probably the most obvious application of flow 
chemistry. Major driving forces for the pharmaceutical industry to embrace 
continuous processing of API manufacturing and implementing microreactor 
technology include safer and cheaper processing and higher quality of the final 
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product. Many (if not all) top twenty pharmaceutical companies include flow 
chemistry in their current technology portfolio. Even though most case studies 
investigating technical and economical benefits of transitioning particular 
processes have not been published, one strikingly open publication illustrates 
the benefits20. 
In addition to turning chemical processes into continuous flow, there are 
also new developments towards novel formulations using flow techniques. A 
major upside for the pharmaceutical industry applying these techniques is that 
possibly new formulations can be accessed, having potential health benefits 
over existing formulations, creating the possibility for lucrative patent 
extensions. 
6.4.2. Performance chemistry 
In manufacturing of performance chemicals or formulations (typically 
ranging from 1 tonne to 1,000 tonnes per year), it is very difficult to change a 
running process. High investment in equipment and very specific demands on 
specifications, e.g. scenting quality in the case of fragrances or metal impurities 
in the case of chemicals for the electronics industry make it almost prohibiting 
for new technologies such as flow chemistry to being implemented. However, 
when a novel process is invented which would either improve the quality or 
performance of a chemical product or which would give access to 
intermediates otherwise unavailable due to hazardous reaction steps, such a 
process could give the user a major competitive advantage. 
6.4.3. Commodity chemistry23 
The commodity chemical industry, manufacturing simple molecules at 
huge scales (typically more than 1 kiloton per year), is characterised by high 
capital investment and extremely long time horizons. In addition, margins are 
slim and improving processes has a very high impact on profitability. Actually, 
the bulk industry was the first to recognize the economical benefits of 
continuous flow mode. Most petrochemical and the largest bulk chemical 
processes are carried out in flow already. However, a large number of smaller 
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processes (e.g. more complex monomers for polyurethane) are still carried out 
in batch mode, with batch sizes of up to 100 tonnes. Transforming these 
processes into continuous flow, with the potential of major economical or 
environmental benefits, will have major consequences in terms of R&D efforts 
and investments. It is foreseen that these changes will not be initiated by 
leaders of current processes, but rather by new players finding disrupting flow 
chemistry innovations, possibly outplaying conventional manufacturers in the 
long run. 
6.4.4. New applications 
Microreactor technology does not only offer benefits for organic synthesis, 
but can play a role in any liquid or multiphase process which benefit from 
better mixing and heat transfer. The formation of well-defined, multiphase 
microdroplets is becoming a field of interest in itself24-27, and can prove to 
offer significant production advantages for e.g. polymer particles containing 
fragrances or dyes. In addition to microscale droplets, continuous processes 
can enhance crystal growth or coacervation processes to produce nanoparticles. 
Polymeric nanoparticles can be used for high end therapeutic drug delivery 
applications with built-in probes for multimodal analysis28. Moreover, 
semiconducting inorganic nanoparticles with exciton confinement, also called 
quantum dots, can be synthesised in continuous flow29 and used for an 
extremely wide array of applications due to their special opto-electronic 
properties, e.g. imaging in diagnostics30 and life sciences31, display technology32 
and photovoltaics33,34. 
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Summary 
The research in this thesis presents the development of hardware and 
methodologies for designing and optimising synthetic organic reactions using 
microreactor technology with subsequent scaling up in larger continuous flow 
devices. Chapter 1 provides a brief overview of recent developments in the 
field of microreactor technology, and discusses the benefits it presents for 
organic synthesis. Small internal dimensions and dramatically increased control 
over mixing and heat transfer being the major benefits, one other benefits of 
operating microreactors in continuous flow is the intrinsic suitability for 
automated reaction optimisation. By simply changing flow rates and 
temperature, generally all major reaction conditions can be screened.  
In Chapter 2, the technical aspects of a fully automated reaction 
optimisation set-up are presented. Solutions for temperature control, fluidic 
connections and integration with automation hardware are discussed. 
Flow rates are critical factors with respect to synthetic chemistry 
applications because they are used to set screening parameters such as reaction 
time and stoichiometric ratios. However, the set flow values of pumps for 
nano- to microliter volume reactors have appeared quite often insufficiently 
accurate. In Chapter 3 a generally applicable chromatographic method to 
analyse flow rates during microreactor reaction screening is presented. By 
adding flow markers to all reactant and reagent flows and performing 
conventional GC analysis on all samples, an accurate flow rate could be 
calculated. The deviation between the set flow values and the measured flow 
rates was shown for a standard continuous flow experiment. The implications 
of this deviation for reaction optimization were demonstrated via a model 
Swern-Moffatt oxidation reaction, showing that accurately measured flow rates 
are critical for correct data interpretation. 
In Chapter 4 a general flow chemistry protocol for optimisation and 
subsequent scale-up is presented based on the synthesis of a pyrrole derivative 
as a model reaction. The synthesis was optimised in 0.13 and 7 µL 
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microreactors in continuous flow, reaching yields of nearly 100%. 
Subsequently, the synthesis was scaled up in continuous flow using a 9.6 mL 
internal volume glass microstructured flow reactor, leading to the production 
of a pyrrole derivative at a rate of 55.8 g per hour. 
Another important and generally accepted benefit of the small lateral 
dimensions of microreactors (1 µm to 1 mm) offers novel process windows: 
extremely short contact times in the millisecond range can circumvent the need 
for performing highly exothermic and fast reactions at very low temperatures. 
In order to fully exploit this technology, such fast processes need to be 
redesigned and investigated for optimal reaction conditions, which can differ 
drastically from the ones traditionally applied. Chapter 5 revisits the selective 
Swern-Moffatt oxidation of benzyl alcohol to benzaldehyde discussed in 
Chapter 3, but now in a comprehensive optimisation study varying five 
experimental parameters, including reaction time and temperature. Employing 
ultrashort mixing and reaction times of up to 32 ms, the optimal temperature 
was determined to be 70 °C, approximately 150 °C higher than under the 
conventional batch conditions. This remarkable difference shows both the 
potency of continuous flow chemistry as well as the urgency of a paradigm 
shift in reaction design for continuous flow conditions. 
Chapter 6 concludes the thesis by summarizing other developments and 
opportunities of flow chemistry. While combination of photochemistry and 
electrochemistry with continuous processing broadens the applicability of 
continuous flow, some major technological challenges still lie ahead. To realize 
the required breakthroughs, it will be necessary to integrate downstream 
processing, develop a better understanding of scaling up and improve control 
and performance over multiphase processes. With the toolbox of continuous 
flow technology ever increasing, both for laboratory scale experimenting as 
well as for commercial manufacturing, future developments will offer the 
technical preconditions to reach such breakthroughs. 
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Samenvatting 
Het onderzoek dat in dit proefschrift wordt gepresenteerd omvat het 
ontwikkelen van apparatuur en methoden voor ontwerp en optimalisatie van 
synthetisch organische reacties, waarbij gebruik wordt gemaakt van 
microreactortechnologie, en waarbij opschaling naar grotere continue 
doorstroomreactoren wordt toegepast. 
Hoofdstuk 1 verschaft een kort overzicht van recente ontwikkelingen in 
de microreactortechnologie, en bespreekt de mogelijkheden ervan voor de 
organische synthese. Er zijn duidelijke voordelen vanwege de kleine inwendige 
afmetingen, en een sterk verbeterde beheersing van het menggedrag en de 
warmteoverdracht. Daarnaast zorgt de manier waarop continue 
doorstroomreactoren worden aangestuurd ervoor dat de optimalisatie van 
synthesereacties makkelijk kan worden geautomatiseerd. Door eenvoudigweg 
stroomsnelheden en temperatuur aan te passen kunnen over het algemeen alle 
belangrijke reactieomstandigheden worden uitgezocht. 
In hoofdstuk 2 worden alle technische aspecten van een volledig 
geautomatiseerd optimalisatieplatform voor chemische reacties behandeld. 
Oplossingen voor temperatuurbeheersing, vloeistofaansluitingen en de 
integratie met robotica worden besproken. 
Stroomsnelheden spelen een cruciale rol in continue doostroomreactoren 
voor synthesetoepassingen; zij bepalen immers de reactietijd en de 
mengverhoudingen van de verschillende reagentia. Helaas blijkt dat de 
nauwkeurigheid van ingestelde snelheden op nano- tot microliter volume 
pompen onvoldoende is voor microreactortoepassingen. In hoofdstuk 3 wordt 
een algemeen toepasbare, chromatografische methode omschreven waarmee 
stroomsnelheden tijdens reacties in microreactoren kunnen worden bepaald. 
Door het toevoegen van een zogenoemde ‘flow marker’ aan alle toevoerstromen 
met reagentia en substraten, en daarna opgevangen monsters met 
gaschromatografie te analyseren, kon een nauwkeurige bepaling van de 
stroomsnelheden worden berekend. De implicaties van afwijkingen in de 
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stroomsnelheden werden duidelijk gemaakt met een modelreactie: een Swern-
Moffatt oxidatie. Hiermee werd aangetoond dat voor het correct interpreteren 
van gegevens uit optimalisaties, het correct kunnen bepalen van 
stroomsnelheden belangrijk is. 
In hoofdstuk 4 wordt een algemeen protocol voor optimalisatie en de 
daarop volgende opschaling gepresenteerd, gebaseerd op een synthese van 
pyrroolderivaten als modelstudie. De synthese werd geoptimaliseerd in 0,13 en 
7 µL microreactoren in continue doorstroming, waarbij een opbrengst van 
nagenoeg 100% werd behaald. Vervolgens werd de reactie opgeschaald in een 
glazen microgestructureerde reactor met een intern volume van 9,6 mL, 
waarbij een capaciteit van 55,8 gram per uur werd gehaald. 
Een ander belangrijk, algemeen erkend, voordeel van kleine inwendige 
afmetingen van microreactoren (1 µm tot 1 mm) is dat deze kleine 
kanaaldiameters leiden tot nieuwe procesbereiken: zeer korte contacttijden in 
de orde van milliseconden kunnen de noodzaak van sterk afkoelen van uiterst 
exotherme processen verminderen of zelfs voorkomen. Om volledig gebruik te 
maken van die voordelen, dienen chemische processen opnieuw te worden 
ontworpen: de optimale condities moeten opnieuw worden gevonden, en deze 
kunnen zeer sterk afwijken van de condities die normaal gesproken worden 
toegepast. Hoofdstuk 5 behandelt de Swern-Moffatt oxidatie opnieuw, maar 
ditmaal wordt een zeer uitgebreide studie gepresenteerd waarbij de reactie 
wordt geoptimaliseerd. Door het experiment door middel van D-optimal design 
in te richten, konden vijf experimentele parameters tegelijkertijd worden 
gevariëerd, waaronder reactietijd en temperatuur. Zo werden optimale 
omstandigheden gevonden bij een reactietijd van slechts 32 ms en een 
temperatuur van 70 °C, die ongeveer 150 °C hoger ligt dan bij conventionele 
reacties in een geroerd vat. Dit opmerkelijke verschil toont aan de ene kant de 
potentie van chemie in continue doorstroom, en aan de andere kant de 
dringende noodzaak van een andere aanpak bij het ontwerp en onderzoek van 
reacties om die potentie te benutten. 
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Hoofdstuk 6 besluit het proefschrift door de belangrijkste ontwikkelingen 
en kansen van flowchemie samen te vatten. Combinaties van fotochemie of 
elektrochemie met flowchemie bieden nieuwe mogelijkheden en zijn 
voorbeelden van de toepasbaarheid van continue processen, maar aan de 
andere kant liggen nog een aantal technologische uitdagingen te wachten. Om 
de noodzakelijke doorbraken te bereiken, zal het nodig zijn om opzuivering te 
integreren, een beter begrip te verkrijgen van opschaling en multifase 
processen beter te beheersen. Terwijl de gereedschapskist van continue 
flowtechnologie zich steeds verder uitbreidt, zowel voor experimenten op 
laboratoriumschaal als voor commerciële productie, zullen toekomstige 
ontwikkelingen de technologische randvoorwaarden scheppen voor de 
noodzakelijke doorbraken. 
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Dankwoord 
Eindelijk is het zover: na al die tijd mag ik iederaan bedanken die op één 
of andere manier heeft bijgedragen aan het onderzoek en dit proefschrift. 
Omdat het best even heeft geduurd totdat dit proefschrift klaar is, en ik heb 
samengewerkt met een groot aantal mensen, kan ik niet beloven dat ik 
niemand vergeet. Daarom maar alvast: iedereen bedankt! 
Allereerst wil ik graag Floris en Jan bedanken. Jullie waren het die met 
visie en ambitie het microreactoronderzoek in Nijmegen hebben gestart. Ik 
voel me nog steeds bevoorrecht dat ik als eerste promovendus een compleet 
onontgonnen terrein mocht verkennen. Het was een groot avontuur, waar 
Kaspar zich al snel bij aansloot als tweede promovendus. Floris, ik heb altijd je 
informele en praktische aanpak enorm gewaardeerd. Jan, je enthousiasme en 
ideeën zorgden er altijd voor dat ik weer verder kon als het even wat lastig was. 
Ik wil ook alle betrokkenen bij het opzetten van ‘ons’ Euregio 
microreactorproject bedanken. Opnieuw Floris en Jan, Michael Bollerott, 
Khiem Trieu, Remko Boom, Ernst Sudhölter, Hein van der Pasch, Rob 
Tweehuysen, en de Euregio Rijn-Waal: enorm bedankt voor de 
wetenschappelijke en maatschappelijke visie om een belangrijke rol te gaan 
spelen in deze technologie. 
In this project, we cooperated intensively with our partners from 
Wageningen University and Research Centre and the Fraunhofer-Institut für 
Mikroelektronische Schaltungen und Systeme. Teris van Beek, Anja Janssen, 
Jan Swarts, Kishore Tetala, Frans Kampers, Geb Visser, Ruben Kolfschoten 
and other staff and students involved at Wageningen: thank you for all the 
interesting discussions about how we can get the chemistry working in the 
microreactors. Martin Kemmerling, Burkhard Heidemann, Kai Grundmann, 
Robert Klieber, Peter Wiebe, Thomas Vandenboom, Norbert Haas: thank you 
for all the difficult work on the development of our hardware and software. 
Without you, we would never have achieved such a cutting-edge state of 
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technology. Michael Bollerott, special thanks to you for arranging the funding 
for the “microreactor 2 project” and helping us in the next steps. 
At the start of our project, Kaspar and I were invited to visit Tokyo 
University for a collaboration of three months. I am very grateful for the 
invitation of prof. Kitamori and the very warm welcome we were given by him, 
dr. Ueno, dr. Hibara and all the staff and students of his group. I had a great 
time working together on the Japanese state of the art technology and I very 
much appreciate the openness for showing us around all the significant 
microreactor technology developments. Not less important, I was given the 
opportunity to get an insight in the magnificent Japanese culture. I will never 
forget the great times I had in Japan, and have forever embraced Tokyo in my 
heart. とっても いろいろ 度も ありがとう ございました。 
Grote dank voor alle mensen met wie ik intensief heb samengewerkt in 
Nijmegen. Allereerst natuurlijk Kaspar. Wij hebben samen al heel wat 
hoogtepunten en mindere momenten beleefd. Memorabel waren de 
karaokenachten met Enrique, waarna je op miraculeuze wijze toch je weg terug 
kon vinden naar het guesthouse door het doolhof van Kagurazaka/Iidabashi 
en omgeving. Ik hoop op een mooie toekomst als compagnons en dat we 
samen nog veel mooie ‘FC events’ mogen houden, met kapsalon uiteraard. 
Ronny van ’t Oever en later Marko Blom, Harmen Lelivelt, Wilfred 
Buesink en andere collega’s van Micronit: bedankt voor het gezamenlijk 
ontwikkelen van de microreactoren. We hebben samen heel wat moois voor 
elkaar gekregen, en ik heb jullie werksfeer altijd erg gewaardeerd. Volgens mij 
hebben we ooit in Tokyo bij MicroTAS nog een leuk dinertje gehad, al weet ik 
niet meer precies wie daar allemaal bij waren... 
Noud van Harskamp en Mariem Meggouh, bedankt voor de bijdrage die 
jullie in je stage hebben geleverd. Het was niet gemakkelijk, maar uiteindelijk is 
een flink deel van het ‘Swern’ werk door jullie geleverd. Marco van der Linden, 
Claudia Kronenburg, Gerjan Kemperman en Peter Hilberink van toenmalig 
Organon, hartelijk dank voor alle discussies en nuttige input over die reactie. 
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Ruth Segers, dankjewel voor al je werk aan de Paal-Knorr reactie. Wessel 
Hengeveld, Wouter Stam en Jeoffrey van den Berg, van Flowid, dank voor de 
discussies en samenwerking met betrekking tot de opschaling ervan! Bo 
Hanssen, voor het werk aan de azides. Anton Lunshof, bedankt voor de 
enorme klus aan wat we later FlowFit zouden noemen. Je inzet en creativiteit 
heb ik bewonderd. Ron Wehrens, Lutgarde Buydens en andere stafleden van 
Analytische Chemie, zeer bedankt voor al het begeleiden en het meedenken. 
En dan natuurlijk alle mensen ‘van het lab’. Eerst in het UL, dan in het 
Huygensgebouw. Ik herinner me nog goed de mooie tijd die we hadden in 
vleugel 1 met Roel, René, Rutger en Kaspar op het lab. Roel, ik zal nooit 
kunnen vergeten hoe je op een gegeven moment de deur van een 
chemicaliënkast in je handen had. Ook erg gezellig was het later in vleugel 4 
met (niet allemaal tegelijkertijd en in min of meer willekeurige volgorde) Jurgen, 
Henri, Lee, Joost, Linda, Maddi, Morten, René, Joris, Hefziba, Stijn, Luiz, 
Sanne, Rosalie, Dennis, KT, Sander, TuHa, Loes, Maaike, Jeroen Clermonts 
(gaan we nog een keer zo’n goudgele rakker door de nek drukken?). Peter, 
Jacky, Desirée, en later Marieke, erg bedankt voor alle onontbeerlijke logistiek. 
Jullie weten alles draaiende te houden, iets wat ik me maar al te goed besef nu 
ik weet hoe moeilijk dat is. 
Peter van Galen bedankt voor je enthousiaste begeleiding bij de GC-MS. 
Wilfred Haerkens en collega’s van TeCe, enorm bedankt voor al het 
mechanische werk aan onze opstelling, dat ‘altijd wel even tussendoor’ kon. 
Wilfred, ik vind het verschrikkelijk jammer dat je dit moment niet meer hebt 
mogen meemaken.  
De totstandkoming van dit proefschrift kende eigenlijk twee fasen: de tijd 
tijdens het promotieonderzoek in dienst van de Radboud Universiteit, en de 
periode erna, waarbij ik tijdens het opzetten van FutureChemistry moeizame 
uurtjes vrij heb kunnen maken voor het afronden van het proefschrift. Ook in 
die laatste periode hebben een aantal mensen een belangrijke rol gespeeld. 
Martin Feiters, Mariëlle Delville, Bram van Weerdenburg en de door hen 
begeleide studenten en vele anderen: ik vind het prachtig om te zien hoe jullie 
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het microreactorwerk hebben kunnen voortzetten, en we hebben samen al heel 
wat publicaties op onze naam staan. Jacob Bart, Arno Kentgens, Anna-Jo 
Oosthoek-de Vries, Sybren Wijmenga, Jan van Bentum, Han Gardeniers, Ard 
Kolkman, Kirsten Ampt, Hans Janssen, voor de totstandkoming van de mooie 
JACS publicatie over “NMR in flow”. Dennis Lensen, voor het projectje wat 
we samen nog even tussendoor hebben gedaan. René: enorm bedankt voor 
wat je ons allemaal hebt gebracht. Je hebt met fenomenale inzet de 
bromeringsreactie geoptimaliseerd, hetgeen onlangs in een mooie publicatie is 
beland. Je hebt veel betekend voor de flowchemie en mij persoonlijk, en ik ben 
blij en ook een beetje trots dat je een prachtige promotieplaats aan de UvA 
hebt weten te bemachtigen, waar ik je heel veel succes bij wens. Bram, Bas, 
Inge, Luuk, Jarno, Andrea, Criest, Jacquelien, Florian, Jeroen, Thijs, Laurens 
(succes in Durham!), Renée, Jasper, Bart, voor al jullie bijdrage, zowel 
inhoudelijk als sociaal, bij FutureChemistry. 
Hans van Gerwen, bedankt dat je mijn interesse in de chemie hebt gewekt. 
Bij het oefenen met de titraties voor de olympiade in het klaslokaal op het Pius 
is het allemaal begonnen. 
Dan nu de categorie die eigenlijk niet thuishoort in al het 
wetenschappelijke gebeuren: alle familie en vrienden die me indirect hebben 
bijgestaan in de lange tocht naar ‘het boekje’. Ja, jullie hebben altijd mogen 
vragen ‘ga je nog een keer promoveren’, en dat heeft me ook echt geholpen het 
af te krijgen. Papa, Sjoerd, Pascale, Jeroen, Judith en alle andere familie: 
bedankt voor de steun en de interesse. Het is altijd weer fijn om elkaar te 
ontmoeten. Lieve Mama, ook al heb je alleen het eerste jaar van dit onderzoek 
mogen meemaken, je hebt me voor altijd geïnspireerd met je creativiteit en 
zorgzaamheid. Ron, Els, Jorien, Sanne, oma Riet en alle schoonfamilie: ook 
jullie hebben je me op wat voor manier dan ook altijd weer gesteund en daar 
ben ik erg dankbaar voor. 
Maaike, lieverd, voor het eindeloze geduld, lieve woorden en knuffels. 
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